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ABSTRACT
Sediment transport and deposition in marginal seas is jointly controlled by many factors
including hydrodynamics, fluvial inputs, and the characteristics of sediment particles. This
dissertation study employs the coupled ocean-atmosphere-wave-and-sediment transport
modeling system (COAWST) to investigate the mechanism of sediment transport in the northern
Gulf of Mexico (nGoM) on different temporal scales, as well as its interaction with
biogeochemical processes.
First of all, a three-way coupled (atmosphere-wave-ocean) hurricane model reproduced
the hydro- and sediment dynamics during hurricane Gustav (2008). Intensive alongshore and
offshore currents were simulated on the eastern/western sectors of hurricane track, respectively.
High suspended sediment concentration (SSC) was confined to the inner shelf at the surface
layer and extended to the 200 m isobaths at the bottom layer. Suspended sediment flux (SSF)
was convergent to the hurricane center. The averaged post-hurricane deposition over the
Louisiana shelf was 4.0 cm.
Secondly, the 20-yr two-way coupled (ocean-wave) model simulated contrasting
sediment dispersal in different seasons. Sedimentation rate varied from zero to more than 10
cm/yr. A phase shift in Mississippi River discharge was detected in 1999 and was associated
with the El Niño-Southern Oscillation event. Sediment flux and sedimentation rate were largely
reduced around the deltas owing to the decreased fluvial supply.
Thirdly, wave-supported fluid mud (WSFM) processes were incorporated into the
COAWST platform. The new model simulated a lutocline between the wave boundary layer
(WBL) and the water column above as WSFM formed. Downslope WSFM transport resulted in
thick offshore deposition. WSFM flux peaked along the Chenier Plain coast due to strong wave
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activities. Sensitivity tests suggested sediments were transported further offshore as WSFM due
to reduced settling velocity.
Lastly, a new algorithm was adapted to assess the impact of sediment-induced shading on
primary production during hurricane Gustav. The performance of the model was improved with
the new algorithm. The high SSC shifted the coastal ecosystem from nutrient-limited to lightlimited. Nutrient accumulated during Gustav supported a post-hurricane algal bloom in the
surface layer, while productivity in the lower layer was still light-limited due to the suspended
sediment. An outer shelf bloom was stimulated by the lateral transported nutrient.
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CHAPTER 1. INTRODUCTION
Rivers are important conduits for freshwater, sediments and nutrients delivery to the
ocean (Milliman and Meade, 1983; Syvitski et al., 2005; Vörösmarty et al., 2010). These
terrestrial materials plays a key role in global biogeochemical cycle and contribute to the unique
features of geomorphology and ecosystem in coastal seas (Seitzinger et al., 2005; Poff et al.,
2007; Bentley et al., 2016). As the largest river in North America, the Mississippi-Atchafalaya
River system drains 41% of continental United States, delivering approximately 115 Mt of
fluvial sediments to coastal Louisiana each year (Meade and Moody, 2010). After the application
of Old River Control Structure in 1963, ~ 70% of river flux flows through the Mississippi main
channel, and the remaining 30% is diverted to the Atchafalaya River (Allison et al., 2012). The
period from 1953 to present has seen profound influences of dam construction and river’s
response to the reduced sediment flux (Blum and Roberts, 2009; Meade and Moody, 2010).
Sediment supply deficiency, associated with eustatic sea level rise, has deteriorated coastal
erosion around the Mississippi Delta since the 1950s (Barras et al., 2003; Day et al., 2005;
Allison and Meselhe, 2010). Accelerated land loss in coastal Louisiana is inevitable although
many efforts have been made for coastal protection and restoration (Coastal Protection and
Restoration Authority of Louisiana., 2017). On the other hand, over the past 50 years, intensive
agricultural and industrial activities in the river basin result in excessive nutrients discharge from
the Mississippi River. High nutrient loads (Nitrogen: 1.2 Mt/yr; Phosphorous: 0.15 Mt/yr;
Silicate: 1.7 Mt/yr), together with the vertical stratification of water column in late spring and
summer, result in recurring algal bloom and hypoxia in the northern Gulf of Mexico (Turner and
Rabalais, 1994; Rabalais et al., 2002; Dale et al., 2007; Bianchi et al., 2010).
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Sediment dynamics and biogeochemical processes are tightly coupled in coastal
environments. For example, suspended sediment in turbid river estuaries limits photosynthesis
and primary production by attenuating underwater light (Cloern, 1987; Carter, 1990; Devlin et
al., 2008; McSweeney et al., 2017), and sediment resuspension affects the oxygen level and the
formation of hypoxia in the bottom boundary layer (Moriarty et al., 2017, 2018). In return,
bioturbation alters sediment dynamics via altering the features of sediment deposition on the
seafloor (Aller, 1994; Gabet et al., 2003; Schiffers et al., 2011). Therefore, a more
comprehensive understanding of sediment transport and its interaction with biogeochemical
dynamics is crucial in coastal environment protection and management.
The models used in this dissertation are largely built on the Coupled Ocean-AtmosphereWave and Sediment Transport System (Warner et al., 2010). The studies focus on different
temporal scales (days to decades) and transport mechanisms (suspended load and bedload), as
well as sediment dynamics’ impact on biogeochemical processes. Chapter 2 presents a 3waycoupled numerical simulation of sediment transport during hurricane Gustav (2008) in the
northern Gulf of Mexico. Erosion/deposition pattern, short-term variations of water vertical
structure, and suspended sediment flux over the shelf are discussed. Chapter 3 is based on a 20yr 2way-coupled modeling effort, and the goal is to exam fluvial sediment’s dispersal pattern in
the northern Gulf of Mexico on seasonal to decadal scales. The influence of fluvial discharge on
sediment dispersal around the bird-foot delta and sandy shoals is examined by two sensitivity
tests. Chapter 4 presents a numerical study of the wave-supported fluid mud during three cold
fronts in March 2008. A new bottom boundary layer is introduced into the sediment transport
model to represent the high-density fluid mud over the inner shelf. Fluid mud-induced sediment
flux is estimated and compared with suspended sediment flux to highlight the importance of
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wave-supported fluid mud in event-driven sediment transport. Chapter 5 is a numerical
investigation of the impacts of suspended sediment on biogeochemical processes in the northern
Gulf of Mexico. Suspended sediment is extracted from the 3way-coupling case in Chapter 2 and
coupled with a biogeochemical model to simulate the sediment-induced light attenuation during
hurricane Gustav. The intensity of algal bloom associated with light attenuation is tested via a
sensitivity test.
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CHAPTER 2. NUMERICAL STUDY OF SEDIMENT DYNAMICS DURING
HURRICANE GUSTAV1
2.1 Introduction
The Mississippi River is the seventh largest river globally in terms of its sediment flux
(Meade and Moody, 2010; Allison et al., 2012), where it delivers ~115 Mt of sediments per year
to the northern Gulf of Mexico (nGoM). The combined high fluvial sediment discharge,
relatively steady sea level, and modest wave and tide energy have resulted in the relatively rapid
progradation of the bird-foot delta over the past 7500 years (Coleman et al., 1998; Xu et al.,
2011). The deposition of sediments in the Mississippi delta has been highly localized, and the
accumulation rate is in the order of the cm/yr level (Allison et al., 2007; Osterman et al., 2009).
The fluvial sediments settled quickly around the delta plain and only a small portion could reach
the shelf break in normal conditions (Dail et al., 2007), whereas under severe weather conditions,
such as tropical cyclones (hurricanes), the deposited sediments could be resuspended by
intensified bottom shear stress and the thickness of the post-hurricane deposition could be up to
19 cm (Goñi et al., 2006). The nGoM region is hit by hurricanes and tropical storms every 3
years on average (Keim et al., 2007). Records of event-driven erosion and deposition have been
captured based on sediment cores from coastal woodland to shelf break, which exhibited upward
fining sequences (Turner et al., 2006; Goñi et al., 2006, 2007; Dail et al., 2007; Williams and
Flanagan, 2009; Liu et al., 2011). Radionuclide analysis (e.g., 7Be, 137Cs, 234Th, and 210Pb) also
indicates that the post-hurricane deposition mainly comprised resuspended material from
previously deposited sediments, and that storm mudflows are capable of exporting sediments out
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This chapter was previously published as “Zang, Z., Xue, Z.G., Bao, S., Chen, Q., Walker,
N.D., Haag, A.S., Ge, Q., Yao, Z., 2018. Numerical study of sediment dynamics during
hurricane Gustav. Ocean Model. 126, 29–42.”. Available at
https://www.sciencedirect.com/science/article/pii/S1463500318301288
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of the delta front (Corbett et al., 2004; Allison et al., 2005; Goñi et al., 2006; Walsh et al., 2006).
In addition, understanding shelf sediment transport processes during hurricanes is important in
terms of coastal engineering and marine ecosystem. For example, in 1969, the strong storm
waves associated with Hurricane Camille triggered landslides and damaged three oil platforms
around the Mississippi Delta (McAdoo et al., 2000). More recently, the mudslides induced by
Hurricane Ivan (2004) and Katrina (2005) caused severe damage to pipelines in the nGoM
(Nodine et al., 2007). In addition, from an ecosystem perspective, the high precipitation caused
by hurricanes can increase the export of dissolved organic matter and influence the
biogeochemical processes and water quality in nearshore areas (Yoon and Raymond, 2012).
Hurricanes can induce dramatic changes in the water level (Chen et al., 2008; Sheng et
al., 2010), surface temperature (Shay et al., 1992; Walker et al., 2005), vertical structure of the
water column (Zambon et al., 2014), and other variables (Hu and Chen, 2011). In addition,
changes in the ocean conditions can affect hurricanes, and modulate their intensity and
movement (Bender and Ginis, 2000; Waker et al., 2005; Liu et al., 2011). Understanding the
hydrodynamics during hurricane events as well as their impacts on sediment dynamics is still
very challenging due to the difficulties related to obtaining in-situ measurement (Lapetina and
Sheng, 2015). Remote sensing can capture the extension and development of elevated surface
suspended sediments (Walker and Hammack, 2000; Palaseanu-Lovejoy et al., 2013), but the
availability and quality of these data are largely compromised by thick clouds and water vapor.
Numerical model is an alternative option for investigating ocean conditions and their
impacts on sediment dynamics during hurricane events. Olabarrieta et al. (2012) adapted the
Coupled Ocean-Atmosphere-Wave-and-Sediment Transport (COAWST; Warner et al., 2010)
modeling system for Hurricane Ida and Nor’Ida in the Gulf of Mexico during 2009, where they
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demonstrated that the asymmetry of the low-pressure vortex were influenced mainly by waveinduced sea surface roughness. The wind speeds and wave heights became smaller due to
feedback between the atmosphere and wind-waves. Using parametric wind fields, Liu et al.
(2015) adapted a sediment transport model to Delft3D (Lesser et al., 2004) and simulated an
average ~4 cm-thick post-hurricane deposition in coastal wetlands after the landfall of Hurricane
Gustav in 2008. Under driving by wind fields from a parametric hurricane wind model, Xu et al.
(2016) adapted the Regional Ocean Modeling System (ROMS; Shchepetkin and McWilliams,
2005; Haidvogel et al., 2008) to the nGoM for Hurricanes Katrina and Rita in 2005, and found
that the spatial patterns of erosion and deposition were influenced by the hurricane tracks, bed
shear stress, grain sizes, and bathymetry.
In this study, we employed numerical modeling to investigate the ocean conditions and
sediment dynamics in the nGoM during Hurricane Gustav, which was the seventh tropical storm
and the third hurricane in 2008. Gustav first appeared as a tropical wave in the Lesser Antilles
and grew quickly from a tropical depression to a hurricane in less than 12 h (Beven and
Kimberlain, 2009). Gustav reached its peak intensity upon landing in western Cuba.
Subsequently, it gradually became weaker after entering the Gulf of Mexico because of increased
wind shear and dry air intrusion (Forbes et al., 2010). On September 1, 2008, Gustav made
landfall near Cocodrie, Louisiana as a Category 2 hurricane. It then decayed into a tropical storm
during its slow movement across Louisiana (Forbes et al., 2010). Using a three-way (oceanwave-atmosphere) coupled sediment transport model, the objectives of this study were: 1) to
understand the spatial and temporal extent of the disruption of the hydrodynamics and deltaic
deposits on a continental shelf (e.g., the nGoM) due to land-falling hurricane by using Gustav as
an example; 2) to semi-quantitatively evaluate the impact of a land-falling hurricane on
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alongshore and cross-shore sediment transport; and 3) to examine the impacts of hydrodynamic
asymmetry along the two sides of a hurricane on the sediment dynamics.

Figure 2.1. Grid domain used in the WRF overlaid with the water depth (color shading),
locations of tide gauges (red circle), buoy station (green triangle), and 50 m isobath transect
(black line). The black solid box represents the domain used in ROMS and SWAN, and the black
dashed box represents the northern Gulf of Mexico (nGoM) region focused on in this study.
More details regarding nGoM and the transect locations are shown in the lower panel. AB:
Atchafalaya Bay; MRD: Mississippi River Delta; MB: Mobile Bay.
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2.2 Model Setup
We adapted the open source COAWST model (Warner et al., 2008 and 2010,
https://woodshole.er.usgs.gov/operations/modeling/COAWST) to the Gulf of Mexico waters
(Fig. 2.1). COAWST is an open source community model that incorporates three state-of-the-art
numerical models (the Weather Research and Forecasting model [WRF, v 3.7.1, Skamarock et
al., 2005], ROMS [svn 797, Haidvogel et al., 2008; Shchepetkin and McWilliams, 2005], and the
Simulating Waves Nearshore model [SWAN, v 41.01AB, Booij et al., 1999]). COAWST uses
the Model Coupling Toolkit (MCT; Jacob et al., 2005) and the Spherical Coordinate Remapping
Interpolation Package (SCRIP; Jones, 1997) to support variable exchanges between different
models. In addition, COAWST provides a comprehensive MATLAB® toolbox to prepare the
necessary model inputs (e.g., ocean initial and boundary conditions). For the sediment module,
the Community Sediment Transport Modeling System (CSTMS; Warner et al., 2008) was
integrated into the ocean model. The sediment routines employed multiple algorithms to simulate
suspended sediment transport and bed load transport, and the incorporated seabed modules could
track the stratigraphy, morphology, and seabed consolidation (Warner et al., 2010). In this study,
we conducted an 11-day three-way (ROMS-SWAN-WRF) coupled sediment transport
simulation of Hurricane Gustav (August 30–September 9, 2008). Details of the model setup are
described in the following.
2.2.1 Ocean- Sediment Transport model (ROMS-CSTMS)
The ocean model domain covered the entire Gulf of Mexico at a 5-km horizontal
resolution. We focused on the nGoM region where the riverine and deltaic deposition is most
abundant (Fig. 2.1). Vertically, there were 36 terrain-following sigma layers. For an open
boundary, the Orlanski-type radiation condition was imposed, combined with temperature and
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salinity nudging toward the Hybrid Coordinate Ocean Model solutions (HyCOM/NCODA
GLBu0.08, https://hycom.org; 1/12° resolution; Chassignet et al., 2003). A gradient boundary
condition was applied to sediment tracers and the sea-free surface. Depth-averaged current
velocity boundary conditions were specified according to Flather (1976). Tidal forcing was
derived from the Oregon State University (OSU) Tidal Inversion Software (OTIS) regional tidal
solution (Egbert and Erofeeva, 2002). Initial conditions (sea-level, hydrodynamics, temperature,
and salinity) were extracted from the HyCOM reanalysis for August 30, 2008. Water discharge
and sediment concentration data for 39 rivers were retrieved from USGS gages
(http://nwis.waterdata.usgs.gov) and specified at the land-ocean boundary. The temperature field
was nudged to the HyCOM-derived climatology every three days to provide a better bottom
boundary condition for the atmospheric model.

Figure 2.2. Mud fraction distributions (%) on the seafloor derived from usSEABED datasets
(Buczkowski, 2006).
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For the sediment model (CSTMS), we defined two cohesive and one non-cohesive
sediment class for river input, and the percentage of each component was based on
measurements by Mickey et al. (2015). Sediment fractions on the seabed were extracted from
historical surficial grain-size data provided by the usSEABED project (Buczkowski, 2006; Fig.
2.2). To achieve an equilibrium initial condition for sediment fields, we first performed a twoway coupled (SWAN-ROMS with CSTMS) simulation starting from January 1, 1993 and then
extracted the model output on August 30, 2008 as the initial sediment condition (more details of
the model setup are given in Supplementary Files). The sediment model was parameterized
according to two previous nGoM sediment modeling studies by Xu et al. (2011 and 2016; Table
2.1).
Table 2.1. Characteristic sediment parameters

Mud_01
Mud_02
Sand_01
Sand_02

Grain diameter
(mm)
0.004
0.03
0.0625
0.14

Settling velocity
(mm/s)
0.1
0.1
1
1

Grain density
(kg/m3)
2650
2650
2650
2650

Erosion rate
(10–4 kg/m2/s)
5
5
5
5

Considering the high percentage of cohesive particles in the study region and intensive
seafloor scour during hurricanes (Balsam and Beeson, 2003; Ellwood et al., 2006; Dail et al.,
2007; Teague et al., 2007; Turner et al., 2007), we set 40 sediment layers with a total thickness
of 1 m (2.5 cm for each) to resolve the sediment bed variability. We applied the cohesive
algorithm so the critical shear stress of the sediment layers increased downward by following an
asymptotic line to represent the effect of self-weight consolidation (Parchure and Mehta, 1985;
Rinehimer et al., 2008). The equilibrium critical shear stress profile was designed as follows:
𝜏"#(%) = 𝑒𝑥𝑝 (

(,-.(/012 )34"#_-66)
4"#_7,8
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),

(1)

where 𝜏"#(%) is the bed critical shear stress in layer k, 𝑀%3: is the total bed mass from the top
sediment layer to layer k–1, and 𝑡𝑐𝑟_𝑜𝑓𝑓 and 𝑡𝑐𝑟_𝑠𝑙𝑝 are unitless constants. We constructed the
𝜏"# (%) profile according to Rinehimer et al. (2008) in order to represent sediment resuspension
(see Fig. 2.3).

Figure 2.3. Equilibrium critical shear stress profile designed for the initial sediment conditions
on August 30, 2008. The red star represents the minimum critical shear stress (min_τcr = 0.01 Pa)
in the top layer.
2.2.2 Wave model (SWAN)
The SWAN model was employed to simulate the wind-wave generation and propagation
processes. SWAN is based on a Eulerian formulation of the discrete spectral balance of action
density that accounts for refractive propagation over arbitrary wind and current fields (Booij et
al., 1999; Chen et al., 2005). In our simulations, the SWAN model shared the same grid as the
ROMS model and its surface wind was fed by the atmospheric model. The ratio of the maximum
individual wave height relative to the depth was 0.73, and the proportionality coefficient of the
rate of dissipation was 1.0. Bottom friction was calculated using the formulations given by
Madsen et al. (1988).
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2.2.3 Atmospheric model (WRF)
WRF (ARW core, version 3.7.1) was employed to represent atmospheric conditions
(Skamarock et al., 2005). The WRF grid dimension was 429 by 429 with 6-km horizontal
resolution (Fig. 2.1). The single-moment six-class microphysics scheme was implemented,
which features water vapor, cloud water, cloud ice, rain, snow, and graupel (Hong and Lim,
2006). The Rapid Radiative Transfer Model for general circulation models (RRTMG) Shortwave
and Longwave Schemes (Iacono et al., 2008) was employed to compute the longwave and
shortwave radiation physics, where it was called every 6 min on the grid. The Eta Similarity
Scheme (Janjic, 2002) and Unified Noah land surface model (Tewari et al., 2004) were selected.
The WRF model was initialized using the 1° Global Forecasting System
(http://www.emc.ncep.noaa.gov/GFS) developed by the National Centers for Environmental
Prediction (http://www.ncep.noaa.gov). To obtain satisfactory initial conditions, we ran WRF
alone starting at 00:00:00 UTC, August 29. After spinning up for 24 h, the tropical cyclone was
well formed and balanced with other fields. After initialization, the ERA Interim atmospheric
model result (ERA-Interim, https://www.ecmwf.int/en/research/climate-reanalysis/era-interim)
was applied as the boundary condition. No nudging or data assimilation was used in the threeway coupled simulation.
2.2.4 Model coupling
Model coupling and interpolation were performed using MCT and SCRIP as part of the
COAWST model. In our setup, ROMS sent the sea surface temperature to WRF, and the sea
surface height (SSH) and vertically averaged currents to SWAN. Our simulation employed a
wave-current bottom boundary layer model (SSW_BBL; Madsen, 1994), which considered the
effect of wave-enhanced bottom stress on the momentum bottom boundary condition for the

12

Reynolds-averaged Navier–Stokes equations. The bottom roughness comprised the sum of the
grain roughness, sediment transport roughness, and bedform roughness. WRF and SWAN then
sent the atmospheric forcing (heat flux and sea surface stress) and sea surface wave parameters
(e.g., significant wave height, wavelength, relative peak period, and dissipation energy) to
ROMS. Surface winds from WRF were used by SWAN to calculate the significant wave height
and wave period, which were then used to estimate the sea surface roughness in WRF (Taylor
and Yelland, 2001). The sediment concentration was not included in the water density equation.
Morphological changes due to sediment were not considered in order to avoid instability in our
model. Exchanges of the variables among the three models occurred at an interval of 600 s.
We designed several experiments to verify the sensitivity of the model to wave–current
interactions during the hurricane simulation, including the three-dimensional vortex force and the
Bernoulli Head, wave breaking-induced accelerations and turbulence injection, and waveenhanced vertical viscosity mixing (Uchiyama et al., 2010; Olabarrieta et al., 2011; Kumar et al.,
2012). The wind speed, significant wave height, and water level were evaluated quantitatively in
each test based on the Willmott model skill (Willmott, 1982), and the results did not indicate any
substantial differences (model skill difference < 0.01) when wave–current interactions were
included. In addition, we conducted a domain-wide comparison of the current speed, significant
wave heights, and suspended sediment concentrations (SSC), and only found very trivial
differences. The limited effect of wave–current interactions may be attributed to the relatively
coarse spatial resolution of the coastal area, where wave-driven littoral currents and undertows
were most salient. This study focused mainly on the sediment dynamics on the nGoM shelf, so
our analysis was based on the results from the benchmark run where the aforementioned wave–
current interaction processes were not incorporated.
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Figure 2.4. Surface current fields (arrow) and sea level (color) at 1600 UTC September 1, and a
comparison of the simulated and observed tracks of Hurricane Gustav (2008). The black
(modeled) and cyan (observed) stars from southeast to northwest represent the locations of the
tropical cyclone eye at 0000 UTC on August 30, 31, and September 1. Buoy stations and tide
gauges are also shown.
2.3 Results and Discussion
2.3.1 Model calibration
We compared the outputs of the three models against observations to evaluate the
performance of our hurricane simulation. As shown in Fig. 2.4, the model-simulated hurricane
track agreed well with the observed track. The model-simulated track diverted slightly to the
west after September 1 and it resulted in a westward shift of the landfall location by 30 km. The
model’s simulations of the wind speed, air pressure, significant wave height, and sea level
captured the observed variations at the National Data Buoy Center buoy stations and the National
Oceanic and Atmospheric Administration (NOAA) tidal gauges (see Fig. 2.1 for the locations of
the tidal gauges and buoy stations) during the hurricane. The data correlation coefficients for the
model-observation comparison ranged from 0.81 to 0.98. As Gustav approached, the wind speed
14

(Figs. 2.5a, 2.5b, and 2.5c) and significant wave height (Figs. 2.5d, 2.5e, and 2.5f) increased
sharply whereas the air pressure dropped substantially (Figs. 2.5g, 2.5h, and 2.5i). Changes in the
sea level were largely localized depending on the quadrant relative to the hurricane. At stations
8735180 and 8727520 to the east of the hurricane track, the sea level increased by ~ 0.5–1.1 m
during the passage of the hurricane (Fig. 2.5k and 2.5l), and a higher frequency signal was found
at Station 8772447 to the west of the hurricane (Fig. 2.5j). The good agreement between the
model and observations allowed us to be confident that the coupled model was capable of
reproducing hurricane-induced changes in the ocean conditions.

Figure 2.5. Comparisons of the observed and simulated wind speed, significant wave height, air
pressure, and sea level anomaly during the passage of hurricane Gustav (2008).
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Figure 2.6. Comparison of the MODIS Terra true-color image and simulated SSC at 16:30:00
UTC on September 2, 2008.
No in-situ SSC measurements were available during Gustav, so we qualitatively
compared the surface SSC simulated by the model with a partially cloud-free MODIS Terra
image obtained at 16:30:00 UTC on September 2, 2008 (Fig. 2.6). No quantitative comparison
was conducted because attempts to derive SSC from the MODIS images failed due to their poor
quality. We analyzed a large amount of satellite raw data and the image in Fig. 2.6 had the best
quality. The model and satellite image indicated high turbidity in the waters west of the “birdfoot” delta. The SSC decreased sharply toward the outer shelf in the south. Compared with the
MODIS image, the extension of the SSC simulated using the model was more widespread. We
attributed this discrepancy to: 1) the availability of satellite data (only one snap-shot was
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available, which may or may not have represented the in-situ conditions for a relatively long
period, e.g., up to hours); 2) the sensitivity of the model to different parameters, especially the
settling velocity, which requires further study. Nevertheless, our model was capable of capturing
the southeastward sediment plume along the southern limit of the high turbid water. In addition,
the storm layer thickness simulated by the model was comparable to that reported in previous
studies, where it was usually less than 20 cm (Keen et al., 2004; Allison et al., 2005; Goñi et al.,
2006, 2007; Palinkas et al., 2013; Xu et al., 2016).
2.3.2 Ocean conditions and suspended sediment distributions
The simulated wind speed reached more than 40 m/s when Gustav made landfall. The
wind direction varied substantially in different quadrants relative to the vortex (northerly wind to
the west and southerly wind to the east; Fig. 2.7a). The wind speed decreased sharply after
moving away from the center of the vortex. The maximum wave height occurred to the east of
the hurricane track, where it reached more than 8 m (Fig. 2.7a). In coastal areas (water depths <
20 m), the wave heights dropped sharply to less than 2.5 m even in the presence of strong winds
(> 35 m/s; Fig. 2.7a). This pattern was very similar to that reported by Stone et al. (1995) and Xu
et al. (2016), which could be explained by the peak wave energy dissipation around the 25–30 m
contours on the Mississippi River subaqueous delta. Previous studies reported a positive
correlation between wave dissipation and sediment resuspension during hurricane events, which
would be further strengthened in the Mississippi delta due to the soft and muddy seafloor
(Sheremet et al., 2005; Elgar and Raubenheimer, 2008).
The currents exhibited great spatial variability in different quadrants relative to the
hurricane track during strong winds (Fig. 2.7b). Alongshelf currents were prevalent to the east of
the track and they flowed toward the west. The speed of these alongshelf currents could be up to
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2.1 m/s (Fig. 2.7b). By contrast, to the west, the currents turned to a south- and southeastward
(offshoreward) direction with a speed of ~1.2 m/s. Strong bottom shear stress (> 6 Pa) was found
near the bird-foot delta where the water depth was shallower than 50 m (Fig. 2.7b).
During Gustav, the simulated SSC reached 10,000 mg/l in both the surface and bottom
layers on the shelf. The spatial limits of high turbidity water largely followed the 50-m isobaths
at the surface layer and 200-m isobaths for the bottom layer (Figs. 2.7c and 2.7d). The
distribution of the high surface SSC matched that of the strong bottom shear stress, while high
bottom SSC was prevalent, especially over the shelf between 89°W and 93°W.

Figure 2.7. Maps showing the (a) wind (arrow) and significant wave height (color) fields, (b)
surface currents (arrow) and bottom shear stress induced by the currents and waves (color), (c)
surface SSC, and (d) bottom SSC during the landing of Gustav. The simulated track line is also
shown (magenta).
We calculated the temporal variation in the spatial (nGoM) averaged bottom shear stress
induced by currents and waves, and the total bed thickness. The wave and current induced
bottom shear stresses increased dramatically after September 1 and reached their peak values
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(0.64 N/m2 and 0.20 N/m2, respectively) when Gustav made landfall. Subsequently, the bottom
shear stress recovered to normal conditions within 2 days. The maximum spatial averaged
erosion depth in the nGoM was 2 cm, and ~50% of the resuspended sediments settled back to the
seabed by around 10:00:00 UTC on September 3 (Fig. 2.8). After 60 h more, the percentage
reached 80%. On September 9, ~ 90% of the resuspended sediments had returned to the seabed.
Soon after, another major hurricane called Ike entered the nGoM and made landfall in Texas on
September 13, 2008.

Figure 2.8. Time series of spatial averaged (nGoM) current-induced bottom shear stress (red
dashed line), wave-induced bottom shear stress (blue dashed line), and bed thickness (black solid
line). Red, blue, and green dots represent 50%, 80%, and 90% of the hurricane-induced
suspended sediment settling back on the seafloor, respectively.
2.3.3 Variations in vertical structure
During Gustav, the wind speed and wave height began to increase from 00:00:00 UTC on
August 31, before reaching their peak values around 16:00:00 UTC on September 1, and then
returning to normal conditions around 00:00:00 UTC on September 9 (Fig. 2.5). We extracted
the temperature, salinity, and SSC fields along the 50-m isobath transect (the position is shown
in Fig. 2.1b) at these three times to plot their vertical structures in the pre-, during, and post-
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hurricane stages, respectively (Fig. 2.9). We used the Brunt Väisälä Frequency (BVF) to estimate
the intensity and depth of the pycnocline (Fig. 2.9). The mean BVF at a given depth (N) is given
by:
.

GE

𝑁 = C− E ⋅ GH ,

(2)

where g = 9.81 m/s2 is the acceleration due to gravity, ρ is the spatial mean potential density of
GE

the water along the 50-m isobath transect at a certain depth, and GH is the vertical potential
density gradient. We excluded water density variations due to SSC and the estimated BVF only
represented the vertical stratification induced by the water itself, and not by the water/sediment
mixture.

Figure 2.9. Vertical distributions of temperature (a, b, and c), salinity (d, e, and f), and suspended
sediment concentration (SSC) (g, h, and i) at the 50-m isobath transect (the location is shown in
Fig. 2.1) during the passage of hurricane Gustav (2008). The first, second, and third columns
represent the conditions at 0000 UTC on August 31 (pre-hurricane), 1600 UTC on September 1
(during-hurricane), and 0000 UTC on September 9 (post-hurricane), respectively. The red and
blue triangles in the upper left panel illustrate the locations of the river plume and the
intersection of the hurricane trackline and transect.
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As shown in Fig. 2.9a, before the landfall of Gustav, the water was well stratified, and the
temperature dropped gradually with the depth from 32°C to 20°C. The water temperature was
low (<25°C) near the Southwest Pass of the Mississippi delta, which connects to the shelf water
through a submarine canyon. The salinity increased with depth, where it ranged from 26 to 38
PSU (Fig. 2.9d). Low salinity water was found mostly around the Mississippi River mouth due to
the large input of freshwater. High SSC (~ 100 mg/l) was simulated at the bottom close to the
Mississippi River mouth (Fig. 2.9g). BVF calculations identified a strong pycnocline in the subsurface layer (7 m below surface; Fig. 2.10). Another salient density stratification with higher
intensity was detected near the bottom. The transect-averaged SSC was maximized at the bottom
with a magnitude of 100 mg/l.

Figure 2.10. Vertical distributions of the modeled mean Brunt Väisälä Frequency (BVF) and
SSC along the 50-m isobath transect (the location is shown in Fig. 2.1).
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After the landing of Gustav, the transect-averaged temperature decreased by ~2°C (Fig.
2.9b). Stratification was largely destroyed due to strong vertical mixing (Fig. 2.9e). The only
exception was at the west end 150 km away from the landing site. Freshwater from the
Atchafalaya Bay flushed offshore and generated a low-salinity transect, which was 150 km wide
and 40 m deep (Fig. 2.9e; Walker, 2001). SSC increased dramatically with the hurricane’s
passage and reached more than 1,000 mg/l in the water column (Figs. 2.9h, and 2.10). Compared
with the pre-hurricane stage, the sub-surface pycnocline was thoroughly destroyed, whereas the
strength of the near bottom density stratification remained largely unchanged (Fig. 2.10). The
SSC profile exhibited limited vertical variation with a mean value of 830 mg/l throughout the
water column.

Figure 2.11. Variations in the wind speed (a), significant wave height (b), surface current speed
(c), wave-induced bottom shear stress (d), current-induced bottom shear stress (e), water depth
(f), bed thickness (g), and SSC (h) at 16:00:00 UTC, September 1, with distance from the
hurricane center when it made landfall.
22

One week after Gustav landed (00:00:00 UTC, September 9), the sea surface temperature
had not recovered from the hurricane-induced cooling (Fig. 2.9c). The low salinity river plume
near the Mississippi River’s Southwest Pass could be identified again (Fig. 2.9f). The surface
SSC decreased dramatically after Gustav landed, but a higher SSC remained at the bottom than
that in the pre-hurricane stage (Fig. 2.9i). A weak sub-surface pycnocline was found, and the
transect-averaged SSC decreased throughout the water column, although it was still higher than
that in the pre-hurricane stage (Fig. 2.10). The sediment and temperature were still different from
those in the pre-hurricane stage, but more than 90% of the resuspended sediments had already
settled on the seabed, before another hurricane called Ike (2008) entered the Gulf of Mexico and
induced another round of resuspension. Therefore, the post-hurricane condition in this study did
not represent 100% restoration.
2.3.4 Asymmetric transport during the hurricane
Highly intensified short-term events (e.g., hurricanes, floods, and winter storms) are
capable of substantially disrupting shelf deposition (Liu and Fearn, 1993; Turner et al., 2006). A
unique feature of hurricane-induced sediment transport is the asymmetry on different sides of the
vortex. During hurricanes, the highest wind speed is found to the right of the track (Price, 1981;
Xie et al., 2011; Uhlhorn et al., 2014), which leads to an asymmetric pattern in the
hydrodynamics, including strong currents and waves in a shoreward direction to the right but
relatively weak winds, currents, and waves to the left. The current fields in Fig. 2.7b illustrate the
offshore (southward-southeastward) currents from Atchafalaya Bay after joining together with
the strong alongshore currents from the eastern coastal Louisiana, where they moved
southeastward continuously into the open gulf. The highly intensified alongshore and offshore
currents were capable of transporting large amounts of sediment far from where they originally
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deposited. Wave–current interactions were not considered in this study, but previous studies have
highlighted the importance of wave-induced littoral currents and undertows, as well as their
effects on sediment transport. Uchiyama et al. (2010) stated that the littoral currents caused by
wave breaking are maximized near the topographic bar, and that the sediment transport induced
by wave–current interactions in coastal regions is important for sandbar migration (Hoefel and
Elgar, 2003; Hsu et al., 2006). Olabarrieta et al. (2011) found that the wave-generated current
patterns varied greatly in the inlet zone. In addition, wave–current interactions have critical
effects on the horizontal and vertical structure of fresh water plumes, which is important for
coastal sedimentation (Rong et al., 2014).
In order to examine this asymmetric pattern as well as its impact on sediment transport,
we grouped and averaged the modeling results according to their sides relative to the track after
Gustav’s landfall (16:00:00 UTC, September 1; Fig. 2.11). Waves play a vital role in sediment
resuspension during the shoaling of a hurricane (Thornton and Guza, 1983; Miles et al., 2015).
The maximum significant wave heights (~ 7 m) simulated by the model occurred in the eastern
sector (Figs. 2.7a and 2.11b) due to the strong winds and shoreward wave piling up (Figs. 2.7a
and 2.11a). At the vortex center, the wave height dropped to less than 2 m, with a greatly reduced
wind speed (< 15 m/s; Figs. 2.11a and 2.11b). By contrast, the surface currents were greatly
intensified in the center of the vortex and they were generally stronger on the east side (0.6–1.3
m/s) than the west side (0.2–1.3 m/s; Fig. 2.11c). Several studies have emphasized that the
sediment transport during hurricanes is mainly due to resuspension caused by increased bottom
shear stress (Ogston and Sternberg, 1999; Keen and Glenn, 2002; Miles et al., 2015). According
to our simulation, the bottom shear stress induced by waves was higher than that by currents,
where it reached 3.6 Pa to the east. Both the wave and current induced shear stresses increased
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near the center of the vortex due to the strong hydrodynamics and relatively small water depth
(Figs. 2.11d, 2.11e, and 2.11f). The high shear stress to the east led to high SSC and severe
erosion (Figs. 2.7b, 2.7c, 2.7d, 2.11g, and 2.11h). The maximum erosion was 0.13 m in the
eastern sector, and the SSC in both the surface and bottom layers peaked at the same location
(15.2 and 12.0 g/l, respectively). The spatial distribution pattern confirmed that the previously
deposited sediments were the main source of the high SSC during the hurricane.

Figure 2.12. Distributions of maximum erosion (a), post-hurricane deposition (b), and net
erosion/deposition (c) during the simulation period. Arrows in (c) indicate the depth-integrated
and time-averaged suspended sediment flux. MRD: Mississippi River Delta.
2.3.5 Suspended sediment flux (SSF)
To assess the SSF during Gustav, we calculated the depth-integrated and time-averaged
(August 30–September 9, 2008) SSF using the velocity and SSC as follows:
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𝑆𝑆𝐹 = ∑Q
MR: 𝑆𝑆𝐶M ∙ 𝑢M ∙ ℎM ,

(3)

where SSF is the suspended sediment flux (unit: kg/m/s), SSCi and ui are the SSC (unit: g/l) and
current speed (unit: m/s) in the ith layers, respectively, N is the number of vertical layers (36 in
this study), and h represents the thickness of each layer (unit: m).
The SSF was along the coastline and convergent along the inner shelf to the west of the
hurricane track. The SSF was higher to the right of the track than the left, mainly due to the high
SSC around the delta (Fig. 2.12). The maximum SSF was located to the south and southeast of
the Mississippi River delta, where it reached ~11 kg/m/s. Erosion, deposition, and sediment
transport mainly occurred over the inner shelf (< 50 m, Fig. 2.12). As the water depth increased
to 200 m, the net erosion/deposition became trivial (<1 cm), thereby indicating that offshore
sediment transport out of the shelf was limited. In contrast to the results obtained by Xu et al.
(2016) for Katrina and Rita in 2005, Gustav induced less offshore transport to deep water (> 200
m). Strong offshore SSF was simulated over the wide and gentle continental shelf south and
southwest off the Mississippi River delta. The SSF kept decreasing until the shelf break was
reached. A depo-center with a thickness of 14 cm was simulated to the southwest of the
hurricane track. Two sources were identified for this hurricane-driven deposition comprising
sediments eroded from: (1) the south of the Mississippi River delta, and (2) the broad LouisianaTexas shelf in the northwest. According to our SSF estimation, the first source (deltaic) provided
more sediment because (1) sufficient material was deposited near the delta lobe, and (2)
energetic ocean conditions to the right of the hurricane track. Another depo-center was found
southeast of the Mississippi River delta between the 50-m and 200-m isobaths. This elongated
deposition was formed by the offshore transport of sediments from the inner shelf. However, we
advise caution as both the SSF and post-hurricane deposition estimations were relatively
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conservative because ~10% of the Gustav-induced resuspension was still present in the water
column (Fig. 2.8). The approach of Hurricane Ike made it very difficult to estimate the total SSF
induced by Gustav.
Previous studies have demonstrated that the majority of the fluvial sediments will settle
over the inner shelf and offshore transport is limited under normal conditions (e.g., Xu et al.,
2011). During hurricane events, such as Karina and Rita in 2005, the hurricane-driven
accumulation can be five times larger than the annual sediment supply from the Mississippi and
Atchafalaya Rivers, and even 10 times greater compared with the annual, long-term
accumulation during non-storm periods (Goñi et al., 2007). Based on our simulation, the mean
post-hurricane deposition in coastal Louisiana (water depth < 100 m) was 4.0 cm, which was 3.2
to 26 times of the 210Pb-derived annual accumulated thickness (0.15 to 1.24 cm; Osterman et al.,
2009).
2.4 Conclusions
In this study, we adapted the COAWST modeling system to the Gulf of Mexico to study
the variations in the ocean conditions and sediment dynamics during Hurricane Gustav in 2008.
The favorable model–data comparisons obtained, including the sea level, significant wave
height, wind speed, air pressure, and surface sediment distribution, confirmed the feasibility of
using a coupled model to investigate physical and sedimentary conditions during a hurricane
event.
Water stratification on the inner shelf was completely destroyed by vertical mixing after
Gustav’s landfall. Large amounts of sediments were remobilized and brought to the surface layer
(~ 1,000 mg/l). Eight days after landfall, sub-surface stratification appeared again but its intensity
was less than that before Gustav landed. The hydrodynamics exhibited great spatial variability
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due to the asymmetric wind field. Stronger bottom shear stress and currents in the eastern sector
resulted in massive sediment resuspension and transport. Severe seabed erosion, strong bottom
shear stress, and high SSC were found where the peak wave energy dissipation rate occurred.
The calculated SSF reached 11 kg/m/s during the hurricane’s passage and the direction of the
SSF was convergent to the vortex center. The post-hurricane deposition rate was 3.2 to 26 times
of that during normal ocean conditions. Two depo-centers were simulated with a maximum
thickness of 14 cm after the passage of hurricane Gustav.
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CHAPTER 3. A 20YR (1993-2012) NUMERICAL INVESTIGATION OF SEDIMENT
DYNAMICS IN THE NORTHERN GULF OF MEXICO2
3.1 Introduction
The Mississippi-Atchafalaya River system has the third largest drainage basin (3.3 × 106
km2) and seventh largest freshwater discharge (380 km3/yr) in the world (Milliman and Meade,
1983; Meade, 1996; Meade and Moody, 2010). About 2/3 of the sediments and water are
delivered by the Mississippi River and the rest are diverted to the Atchafalaya River (Meade and
Parker, 1985; Allison et al., 2012). Over the past decades, especially after the 1950s, sediment
flux from the Mississippi-Atchafalaya River has decreased dramatically (Keown et al., 1986;
Day et al., 2000; Syvitski et al., 2005; Meade and Moody, 2010). The deficit of sediment supply,
together with the eustatic sea level rise, results in severe coastal erosion and land loss (Day et al.,
2005; Blum and Roberts, 2009; Allison and Meselhe, 2010). The average rate of land loss was
88 km2/yr from 1956 to 2000, and an additional loss of 1,329 km2 is projected by 2050 (Barras et
al., 2003). Climate change within the Mississippi River watershed has been identified as a
significant factor controlling long-term variations of river discharge. Wavelet analysis of the
North America annual freshwater discharge indicated a 4- to 8-yr oscillation, which is correlated
with the El Niño-Southern Oscillation event (ENSO hereafter) (Sun and Furbish, 1997; Schmidt
et al., 2001; Labat, 2006; Rossi et al., 2009). A longer temporal scale variation (25-yr) is
associated with the bi-decadal precipitation oscillation related to the North Atlantic Oscillation
(NAO) and Pacific Decadal Oscillation (PDO) (Hurrell, 1995; Minobe, 1997; Rossi et al., 2011).
The most dominant change point of the Mississippi River water discharge was detected around
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1970, featured by the 8-16yr and 3-6yr modes (Massei et al., 2011). Anthropogenic activities
have been widely discussed in previous studies as another factor influencing river discharge
(Schleiss et al., 2016). In the 1950s, dam construction on the Missouri River resulted in
substantial sediment flux reduction (Meade and Moody, 2010). The estimated loss of fluvial
sediment load at the Mississippi River mouth was ~225 Mt/yr in the period of 1950 to 1975
(Rossi et al., 2009).
Hydrodynamics in the northern Gulf of Mexico (nGoM hereafter) exhibits contrasting
patterns over a year due to the shift in the direction of prevailing winds (Cho et al., 1998; Nowlin
et al., 2005; Hetland and DiMarco, 2008; Wang and Justić, 2009). During non-summer months,
the westward Louisiana Coastal Current (LCC) prevails because of strong easterly wind. In
summer months, intensive westerly winds cease the LCC and the currents reverse to eastward
(Walker and Hammack, 2000). Waves in the nGoM are introduced by both local winds and
remote swell propagation (Pepper and Stone, 2004). For tidal schemes, K1, O1 and M2 are the
most dominant constituents and the tidal currents maximized to ~ 9 cm/s near Atchafalaya Bay
over the Louisiana-Texas shelf (DiMarco and Reid, 1998). The maximum tidal range is about 0.6
m (Li et al., 2011; Kim and Park, 2012). Due to the high fluvial discharge and relatively lowenergy environment, initial deposition of the fluvial sediments usually happens < 30 km off the
river mouth (Wright and Nittrouer, 1995; Corbett et al., 2004; Juez et al., 2018). During episodic
events such as hurricanes and winter storms, strong hydrodynamics induced by energetic winds
can transport fluvial sediments further offshore (Curray, 1960; Allison et al., 2005; Goñi et al.,
2006; Xu et al., 2011, 2016; Liu et al., 2018; Zang et al., 2018). Two depocenters in the nGoM
with a deposition > 1 cm per year have been identified: one is around the bird-foot delta in the
Louisiana Bight and the other is in the Atchafalaya Bay (Coleman et al., 1998). Radionuclide
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chronologies of sediment cores around the bird-foot delta indicated a decreasing deposition rate
as water became deeper (Neill and Allison, 2005; Corbett et al., 2006; Allison et al., 2007;
Osterman et al., 2009). For the Atchafalaya shelf, however, high deposition rates were found 1012 km offshore on the clinoform foreset (Neill and Allison, 2005). A possible explanation of this
fast deposition is the fluid mud escaped from the delta topset (Ross and Mehta, 1989; Kineke et
al., 1996; Safak et al., 2010; Sheremet et al., 2011; Sahin et al., 2012; Mehta et al., 2014;
Traykovski et al., 2015). Although nourished by the largest river system in North America, the
Mississippi Delta and adjacent coast is still suffering from severe erosion (Couvillion et al.,
2017). For example, the Barataria Bay, which is adjacent to the Mississippi main channel to the
west, has been experiencing substantial land loss (16.9 km2/yr) and barrier island retreat over the
past decades (Penland et al., 1988; Fitzgerald et al., 2007). Many efforts have been made for
coastal restoration purposes. Most noticeable examples are the sediment diversion via Davis
Pond diversion and sediment emplacement over the barrier islands (Krawiec, 1966; Frazier,
1974; Kobashi et al., 2007; Stone et al., 2009; Khalil et al., 2010). Nevertheless, the diverted
sediments and sand materials dredged from inner shelf are still insufficient to balance the land
loss in the bay.
Submarine shoals over the western Louisiana shelf (e.g., Tiger/Trinity and Ship Shoals;
locations see Fig. 2.1) are reworked prograded deltaic headlands formed during low sea level
stand (Kulp et al., 2005). Due to relative high sandy content and little muddy overburden, the
transgressive shoals are treated as potential sand sources for coastal restoration and beach
nourishment (Penland et al., 2005; Kobashi et al., 2007; Khalil and Finkl, 2009). Although the
total sand volume of these deposits is massive, recent surveys show that the total dredgeable
sands are highly restricted by oil infrastructures, environmental concerns, and cultural resources
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(Finkl and Khalil, 2005; Khalil et al., 2007). Given the importance of sandy shoals in coastline
protection, understanding long-term sediment dynamics over these shoals and its interaction with
hydrodynamics and rivers are essential.
Existing radionuclide studies provide valuable information of deposition rate on seasonal
to decadal scales, and the difference between short-term and long-term deposition rates implies
the relative importance of episodic events (Yeager et al., 2004; Corbett et al., 2006; Allison et al.,
2007; Osterman et al., 2009; Denommee et al., 2018). Nevertheless, radionuclide chronology
cannot quantitatively evaluate hydrodynamics’ impact on sedimentation, and physical reworking
introduced by waves and currents might compromise the temporal resolution and accuracy of
such measurements. Moreover, radionuclide chronology can hardly detect the variation of
deposition rate in areas with high deposition rate on a decadal scale (e.g., around the Mississippi
Delta) due to its low temporal resolution (e.g., 210Pb, half-life 22.4 yrs) or short temporal scale
(e.g. 234Th, half-life 21.4 days; 7Be, half-life 53.2 days). There is a substantial knowledge gap of
shelf deposition’s response to decreased fluvial sediment flux over the past decades. As an
alternative method, numerical model has been widely applied to the nGoM to investigate
hydrodynamics and sediment dynamics on different temporal scales (Li et al., 2011; Xu et al.,
2016; Liu et al., 2018; Zang et al., 2018). In this study, we used the Coupled Ocean-AtmosphereWave-and-Sediment Transport Modeling system (COAWST) to investigate fluvial sediment
dynamics over the continental shelf on seasonal to decadal scales (Warner et al., 2008, 2010).
Compared with existing modeling studies in this region, this study is the first effort to investigate
shelf sediment dynamics up to a decadal time scale. The objective of this study is to understand:
i) the seasonal sedimentation patterns on the continental shelf, ii) the impacts of rivers, winds,
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and waves on sediment transport, and iii) the bay-shelf sediment exchange and sediment
dynamics over submarine shoals.
3.2 Model Setup
The COAWST model (version 3.2) consists of three state-of-the-art numerical models:
the Regional Ocean Modeling System (ROMS; Shchepetkin and McWilliams, 2005; Haidvogel
et al., 2008) for ocean hydrodynamics, Simulating Waves Nearshore (SWAN; Booij et al., 1999)
for wave, and Weather Research and Forecasting Model (WRF-ARW; Skamarock et al., 2005)
for atmospheric simulation. The Community Sediment Transport Modeling System (CSTMS;
Warner et al., 2008) is incorporated into the ocean model (ROMS) to simulate sediment transport
and deposition. The Model Coupling Toolkit (MCT; Jacob et al., 2005) is used for information
exchange among different models. In this study, we disabled the atmosphere (WRF) coupling to
focus on interactions among wave, ocean and sediment transport over a 20yr period (1993-2012),
which was determined based on the availability the model inputs (Hybrid Coordinate Ocean
Model). Details of our model configuration are described in the following.
3.2.1 Ocean and Sediment Models
ROMS (svn 797) is a three dimensional, free surface, terrain following model that solves
Reynolds-Averaged Navier-Stokes (RANS) equations based on the hydrostatic and Boussinesq
assumptions (Chassignet et al., 2000; Haidvogel et al., 2000). We used a “two-step” offline
nesting method to reduce the computational cost of the 20yr coupled ocean-wave-sediment
simulation. First, we performed a 2way-coupled simulation (wave-ocean) on the Gulf of Mexico
(GoM) domain with 36 weighted vertical layers at a 5 km horizontal resolution. We then utilized
the GoM model results as the boundary condition to drive a higher resolution domain covering
the nGoM at a 1 km horizontal resolution (Figs. 3.1 and 3.2). Compared to previous sediment
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transport model in this region (Xu et al., 2011, 2016; Liu et al., 2018), our nesting mesh
resolution was high enough to resolve physical and sediment transport processes over the shelf
and the structured grid made long-term simulation (20 year) applicable. For the GoM domain,
initial conditions of current velocity, sea level, temperature and salinity were interpolated from
the 1/12° data assimilated Hybrid Coordinate Ocean Model (HYCOM/NCODA,
GLBu0.08/expt_19.0 and expt_19.1; Chassignet et al., 2003). The barotropic velocity boundary
condition was prescribed following Flather (Roger A Flather, 1976). The baroclinic velocity,
temperature and salinity were specified using the Orlanski-type radiation boundary condition
(Orlanski, 1976). We extracted the Oregon State University Tidal Inversion Software (OTIS;
Egbert and Erofeeva, 2002) regional tidal solution and interpolated it on the model grid as tidal
forcing. The 6-hourly, 38 km horizontal resolution Climate Forecast System Reanalysis (CFSR;
Saha et al., 2010, 2011; http://cfs.ncep.noaa.gov) was utilized as meteorological momentum and
buoyancy forcing due to its high quality. Monthly average freshwater and suspended sediment
inputs from 39 rivers debouching into the GoM were retrieved from United States Geological
Survey (USGS) Water Data for the Nation website (http://nwis.waterdata.usgs.gov) and applied
as boundary condition. The stations selected for river inputs were the most downstream sites
with consecutive available data. Sediment bedload from rivers was not considered in our
simulation. The mesh bathymetry was interpolated and smoothed from ETOPO1 dataset
(Amante and Eakins, 2009). We employed the Mellor-Yamada level-2.5 closure scheme (Mellor
and Yamada, 1982) to estimate vertical turbulent mixing. We chose the SSW_BBL module
(Madsen, 1995; Styles and Glenn, 2000) for bottom boundary layer parameterization, which
calculates both wave- and current-induced bottom shear stress for momentum and sediment
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resuspension. Model outputs were saved every day for analysis. The time steps for the GoM and
nGoM domains were specified as 300 s and 120 s, respectively.
The sediment model (CSTMS) integrates several modules to simulate sediment transport,
stratigraphy and geomorphology (Warner et al., 2008). Suspended sediment transport in the
water column is calculated by solving advection-diffusion equation. The other two additional
sediment source/sink terms are sediment resuspension from the seabed and sediment vertical
settling. As bottom shear stress calculated in SSW_BBL exceeds critical shear stress (details see
Table 3.1), pre-deposited sediment will be resuspended into the bottom water layer and the
resuspension flux is estimated following Ariathurai and Arulanandan (Ariathurai and
Arulanandan, 1978). We defined four cohesive and two non-cohesive sediment classes for river
inputs. Sediment concentration in the water column was initialized as zero. As this study focused
on dynamics of riverine sediments, we prescribed one non-cohesive, resuspension-resistant class
as shelf sediments with high critical shear stress (100 Pa) following Harris et al. (Harris et al.,
2005a). To achieve the most reasonable sediment parameterization, we performed a series of
sensitivity tests based on the studies by Xu et al. (2011, 2016) and compared our simulation
results with 210Pb-derived deposition rate (Yeager et al., 2004; Allison et al., 2007; Osterman et
al., 2009; core locations see Fig. 3.1). In Table 3.1 we listed a summary of the sediment model
parameterization used in this study, which reproduced the most reasonable deposition rates over
the shelf. We prescribed four layers of sediment on the sea floor, each with a thickness of 1.0 m.
Seabed erosion/deposition was based on non-cohesive parameterizations (Warner et al., 2008;
Sherwood et al., 2018). Due to the lack of suspended sediment observations at the open
boundary, suspended sediment concentration (SSC) at the boundaries of GoM domain was set to
zero and we applied the gradient boundary condition to avert unreal artificial sediment plumes
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along the boundaries. In this study we only simulated suspended sediment transport and bedload
transport over the shelf was not considered.

Figure 3.1. The northern Gulf of Mexico (nGoM; upper panel) and Gulf of Mexico (GoM; lower
panel) grid domains used in ROMS and SWAN overlaid with water depth (color-shading;
ETOPO1), locations of tidal gauges (red circle), buoy stations (black triangle), sediment stations
(magenta diamond) and shoals (yellow). (AB: Atchafalaya Bay; BB: Barataria Bay; MRD:
Mississippi River Delta; MB: Mobile Bay; LP: Lake Pontchartrain).
3.2.2 Wave model
The Simulating Waves Nearshore model (SWAN, version 41.01) was employed to
simulate wind-wave generation and propagation. The SWAN model is based on a Eulerian
formulation of the discrete spectral balance of action density that accounts for refractive
propagation over bathymetry and current fields (Booij et al., 1999). Other incorporated physical
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processes include wave-wave interaction, white-capping, bottom dissipation and depth-induced
wave breaking. The two SWAN model grids (GoM and nGoM) were the same as those of the
ocean models (ROMS). The initial wave spectra were computed from the CFSR wind speed
using the deep-water growth curve (Kahma and Calkoen, 1992). The breaker index (certain ratio
between wave height and water depth at which wave breaks) and the proportionality coefficient
of the dissipation rate were set to 0.73 and 1.0, respectively. The expression of Madsen et al.
(Madsen et al., 1988) was applied to estimate the bottom friction. The time step of wave
simulations in GoM and nGoM domains were the same as corresponding ocean models (300 s
and 120 s).

Figure 3.2. Flow chart of GoM and nGoM simulation. In step 1 we coupled ocean model
(ROMS) and wave model (SWAN) for the GoM simulation. In step 2 (nGoM), ocean and wave
simulations were conducted independently and wave model provide inputs (Dwave, Tbot, Ub) for
ocean and sediment simulation (Us Vs: sea surface current velocity; h: water level; bath:
bathymetry; Hwave: significant wave height; Lwave: wave length; Dwave: wave direction; Tsurf: wave
period at the surface; Tbot: wave period at the bottom; Qb: percent breaking; Wdiss: Energy
dissipation; Ub: bottom wave orbital velocity).
3.2.3 Model nesting and coupling
For both ocean and wave models, we first performed a 20yr, two-way (ROMS-SWAN)
coupled simulation on the GoM domain covering the period of 01/01/1993-12/31/2012 (step 1 in
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Fig. 3.2). Ocean model sent sea surface current velocity, water level and bathymetry to wave
model and wave model sent wave parameters (e.g., significant wave height, wave length, wave
direction, etc.) back to ocean model. The variable exchange interval was specified as 1 hour.
After finishing GoM simulation, we interpolated model simulated physics (sea-level, velocity,
salinity, temperature, and significant wave height, wave period, wave direction) to the nGoM
domains (wave and ocean) as boundary conditions and performed the nGoM 20yr simulation
(step 2 in Fig. 3.2). Although COAWST supports a real-time coupling between the ocean and
wave models, information interchange between models can greatly slow down the long-term
simulations. To speed up the simulations (one benchmark run and two sensitivity tests) in the
nGoM domain, we first ran the wave model independently and then utilized model outputs (wave
direction, near bottom wave period and bottom wave orbital velocity) at a 6-hour interval to
drive the ocean and sediment models.
Table 3.1. Sediment characteristics parameterization

Mud_01
Mud_02
Mud_03
Mud_04
Sand_01
Sand_02
Sand_03

Grain diameter
(mm)
0.004
0.03
0.004
0.03
0.0625
0.0625
0.14

Settling velocity
(mm/s)
0.1
0.1
0.1
0.1
1
1
1

Critical Shear Stress
(Pa)
0.10
0.16
0.10
0.16
0.20
0.20
100.0

Erosion rate
(10-4 kg/m2/s)
5
5
5
5
5
5
5

3.3 Model Validation
We validated the performance of each nGoM model (wave, ocean, and sediment) using
available in-situ measurements. For wave, we gathered monthly-averaged significant wave
height at three buoy stations from the Nation Data Buoy Center (NDBC,
https://www.ndbc.noaa.gov; locations see Fig. 3.1). The model-data comparison revealed good
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agreement between simulated and observed significant wave height (R=0.94; Fig. 3.3a). To
evaluate wave model’s performance on daily scale, we compared time series of observed and
model simulated wave height at 42040 station in 2007 and the correlation coefficient is 0.92
(Fig. 3.3b).

Figure 3.3. Comparison between observed and modeled monthly mean significant wave height
from 1993 to 2012 at three stations (a), and significant wave height time series comparison at
42040 station in 2007 (b).
To evaluate the model’s skill of resolving long-term coastal hydrodynamics, we retrieved
water level records from four NOAA tidal gauges at Calcasieu Pass (station ID: 8768094),
Dauphin Island (8735180), Port Fourchon (8762075) and Pilots Station East (8760922). We
applied a 36-hour low pass filter to both simulated and observed time series. An example is
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shown in Fig. 3.4, where model simulated sea level anomaly was compared against observations
at four stations in 2008. The correlation coefficients were ≥ 0.80 at all four stations and the two
surges brought by hurricanes Gustav and Ike, respectively, were captured. To further evaluate
model simulated water level over a longer time period, a statistical assessment is shown in the
form of a Taylor diagram (Fig. 3.5), which presents the correlation coefficients, centered root
mean square difference (RMSD), and normalized standard deviations of annual sea level
anomaly time series (Taylor, 2001). Most correlation coefficients varied from 0.7 to 0.9, and the
standard deviation ratios were less than 2. We interpolated simulated salinity to the observation
sites at corresponding period and compared it against available measurements from the Southeast
Area Monitoring and Assessment Program (SEAMAP; http://seamap.gsmfc.org, data are depthaveraged), which has 2145 data points covering the period from 1993 to 2012. The modelobservation comparison in Fig. 3.6 indicates that the ocean model is capable of reproducing the
pattern of salinity distribution, with low salinity water embracing coastal Louisiana over the
inner shelf and high salinity water further offshore.

Figure. 3.4. Comparison of model simulated and observed sea-level anomaly time series in 2008.
Two peaks in September are storm surges introduced by hurricane Gustav and Ike.

40

For sediment model, we compared simulated sedimentation rate against published
estimations based on radionuclide data (210Pb; core locations see Fig. 3.1). Our sediment model
is capable of capturing the magnitude and variation of the sedimentation rates at these sites. The
model-data correlation coefficient is 0.69 and the root mean square error (RMSE) is 0.78 (Fig.
3.7). Moreover, we compared the simulated surface SSC against the map derived from Moderate
Resolution Imaging Spectroradiometer (MODIS-aqua; Fig. 3.8). Due to the presence of dense
clouds, sun glint and water vapor in the coastal region, it was a challenge to retrieve a set of
consecutive satellite images with satisfying quality. We selected one cloud-free satellite image
for each season from December 2009 to November 2010 and applied the nGoM SSC algorithm
by Miller and McKee (Miller and McKee, 2004). To highlight the turbid water on the shelf, the
region where surface SSC < 1 mg/l was masked out. In spring, the Mississippi River sediment
plume with high SSC (> 100 mg/l) extended southwest to the 200-m isobath (Fig. 3.8a and 3.8b).
Turbid water from the Atchafalaya River dominated the entire Atchafalaya Bay and coastal
water (water depth < 20 m). Westward sediment transport could be detected over the coastal
Chenier Plain, where westward alongshore current was strong. In summer, both SSC and spatial
scale of sediment plume went down dramatically due to calm weather and low fluvial discharge
(Fig. 3.8c and 3.8d). The difference between our model result and satellite image in summer
might be ascribed to i) the application of atmospheric correction in the more oligotrophic
summer shelf waters, and ii) surface water particle characteristics (e.g., smaller particle size;
(D’Sa et al., 2007)) during summer. In fall and winter, the shapes of sediment plume were
similar to that in spring. The westward transport along the Chenier Plain coast was even stronger
due to intensified easterly winds (Fig. 3.8e, 3.8f, 3.8g and 3.8h). Although such one-frame
comparison might not fully capture the seasonality of sediment plume, which could be easily
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altered by fluvial discharge and wind condition, our model reproduced the spatial distribution
pattern and the magnitude of surface SSC. The above model-data comparisons gave us the
confidence that this ocean-wave-sediment model is capable of resolving the major features of the
seasonal to decadal scale variability in hydro- and sediment dynamics.

Figure 3.5. Taylor diagram for observed and modeled annual sea-level anomaly at 4 tidal stations
from 1996 to 2012. Radial distance represents the ratio of simulated to observed standard
deviations, and azimuthal angle represents model-data correlation. Green arcs represent centered
root mean square difference between model and measurements. To facilitate the comparison of
model results and observations, annual sea level comparisons in certain years are represented by
the same symbol (red plus for years 1996, 1997, 1998, 1999 and 2000; cyan circle for 2001,
2002, 2003 and 2004; purple asterisk for 2005, 2006, 2007 and 2008; green dot for 2009, 2010,
2011 and 2012). Each dot represents one single station for a single year. The locations of stations
are shown in Fig. 3.1 (red dot). Both observations and simulations are collected every hour.

42

Figure 3.6. Depth-averaged salinity comparison between observations (data source: SEAMAP;
http://seamap.gsmfc.org) and model results in the nGoM in 20 yrs. (AB: Atchafalaya Bay; MRD:
Mississippi River Delta; LP: Lake Pontchartrain; MB: Mobile Bay; LB: Louisiana Bight; CP:
Chenier Plain). For each station, we interpolate model results to the location of station at
corresponding period to ensure the comparability.

Figure 3.7. 20 year-averaged annual sediment deposition rate comparison between simulation
and observation from Yeager et al. (2004), Allison et al. (2007), and Osterman et al. (2009);
(SR: Sedimentation Rate; unit: log10 cm/yr). Rates were derived from the profiles of 210Pb with
depth in the seabed.
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Figure 3.8. Comparison between MODIS (aqua) derived surface SSC (left panel) and model
simulated surface suspended sediment concentration (right panel) in spring (a and b), summer (c
and d), fall (e and f), and winter (g and h) in 2010, during which the number of good quality
satellite images (no sun glint and cloud free) are largest. The exact date is shown at upper left of
each panel. Unit: mg/l.
3.4 Results
In this section we first present the seasonal variations of hydrodynamics and sediment
dynamics, followed by an analysis of sedimentation pattern over the 20yr simulation period. We
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then present the results of two sensitivity tests to assess shelf deposition’s response to the high
and low river input scenarios.
3.4.1 Seasonal variations of hydro- and sediment dynamics
Hydrodynamics in the nGoM is heavily influenced by the prevailing winds. We plotted
wind fields measured at a buoy station east of the bird-foot delta, covering the period of 19952012 (station 42040, location see Fig. 3.1, wind roses see Fig. 3.9). The study region was
dominated by strong southeast winds in spring (March, April and May), south to southwest
winds in summer (June, July and August), east and northeast winds in fall (September, October
and November), and north and southwest winds in winter (December, January and February).
Among all seasons, westerly winds only prevailed in summer with relatively low intensity
compared with easterly winds in other seasons. 90th percentile of the westerly winds in summer
was at 7.3 m/s, while 90th percentile of the easterly winds in spring, fall and winter were at 9.1,
9.9 and 9.9 m/s, respectively.

Fig. 3.9. Wind rose diagrams (Unit: m/s) at buoy station 42040 in spring (a), summer (b), fall (c)
and winter (d). (Spring: March, April and May; Summer: June, July and August; Fall:
September, October and November; Winter: December, January and February).
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Figure 3.10. Vertical integrated current fields (arrow) and current-induced bottom shear stress
(τcurrent; color) in spring (a), summer (b), fall (c) and winter (d). (AB: Atchafalaya Bay; BD: Birdfoot Delta; LP: Lake Pontchartrain; MB: Mobile Bay; LB: Louisiana Bight; CP: Chenier Plain)
Fig. 3.10 shows the depth-averaged current fields and bottom shear stress induced by
currents averaged over each season. The current direction indicates that westward flow
dominated the broad western Louisiana shelf in non-summer seasons (Fig. 3.10a, 3.10c and
3.10d). Currents between 20-m and 50-m isobaths shifted to eastward in summer due to the weak
westerly winds (Fig. 3.10b). Over the eastern Louisiana-Mississippi-Alabama shelf, current
fields did not show strong seasonality and east- and northeastward currents prevailed throughout
the year. Current-induced bottom shear stress (τcurrent) maximized in fall and winter, and the
highest τcurrent was found to the southeast of the bird-foot delta, reaching more than 0.1 Pa. The
spatial patterns of wave-induced bottom shear stress (τwave) were quite similar among different
seasons, with the lowest intensity was in summer (Fig. 3.11). High τwave was found nearshore
(water depth < 20 m), including sandy shoals over the inner shelf, around the bird-foot delta, and
to the east of the Chandeleur islands. As a major driving force of resuspension, the maximum
τwave was estimated above 0.2 Pa, which was 2-3 times higher than the maximum τcurrent in most
regions except the southeast of bird-foot delta, where τwave and τcurrent were comparable.
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Figure 3.11. Wave-induced bottom shear stress (τwave; color) in spring (a), summer (b), fall (c)
and winter (d). (AB: Atchafalaya Bay; BD: Bird-foot Delta; LP: Lake Pontchartrain; MB:
Mobile Bay; LB: Louisiana Bight; CP: Chenier Plain)

Figure 3.12. Spatial distributions of 20-year averaged annual sedimentation rates and suspended
sediment flux (SSF) in spring (a), summer (b), fall (c) and winter (d). The sedimentation rate and
intensity of the SSF are shown in log scale. White areas on shelf are deposition less than 0.01
cm/season.
The seasonal mean sedimentation rates of fluvial materials and riverine suspended
sediment flux (SSF) based on the 20yr simulation results were shown in Fig. 3.12. High
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sedimentation rate (> 1 cm/season) and strong SSF (> 0.1 kg/m/s) were simulated near the
Mississippi and Atchafalaya River mouths in spring (Fig. 3.12a). Westward alongshore sediment
transport in spring, fall and winter dominated the Louisiana-Texas shelf (Fig. 3.12a, 3.12c and
3.12d). In summer, deposition was patchy and the intensity of westward SSF was largely reduced
(Fig. 3.12b). Offshore sediment transport in the Atchafalaya Bay was stronger in winter and
spring due to high fluvial discharge and strong resuspension. Over the Louisiana-MississippiAlabama shelf, eastward sediment transport was dominant in spring, summer and winter (Fig.
3.12a, 3.12b and 3.12d). Deposition minimized in fall because of the westward SSF and low
fluvial inputs from the bird-foot delta (Fig. 3.12c).
3.4.2 Interannual variation of sedimentation rate
Spatial-averaged sedimentation rates over the shelf (h < 200 m) and inner shelf (h < 50
m) fluctuated between 1 and 8 mm/yr during our simulation period with similar temporal
variation pattern (Fig. 3.13a). Sedimentation rate on the inner shelf was ~ 0.2-2 mm/yr higher
than that over the entire shelf due to its proximity to the river mouths. To explore the influence
of fluvial discharge to shelf deposition, we plotted sediment flux of the Mississippi and
Atchafalaya Rivers (Fig. 3.13b; Data source: http://nwis.waterdata.usgs.gov; station St.
Francisville (07373420) for the Mississippi River and station Melville (07381495) for the
Atchafalaya River), and found sedimentation rates over the shelf and inner shelf are highly
correlated with fluvial sediment discharge (correlation coefficient: 0.80). The dramatic decrease
of both sedimentation rate and fluvial sediment discharge in 1998-2000 can be explained as the
shift of ENSO phase from the strong a El Niño episode (1997/98) to a strong La Niña episode
(1999/2000) (Twine et al., 2005). It is noteworthy that we did not include pre-deposited sediment
resuspension and other sediment sources (e.g., coastal erosion), which might introduce more
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uncertainties. To achieve a comprehensive conclusion, these processes should be taken in
account in future studies. Compared with long-term sediment deposition on the shelf, the
significance of short-term, event-driven sediment transport and dispersal have been highlighted
in the last several decades. During the passage of cold fronts and hurricanes, the magnitude of
shelf deposition can reach several cm, which is an order of magnitude higher than annual
sediment deposition under tranquil hydrodynamic condition (Xu et al., 2016; Liu et al., 2018;
Zang et al., 2018). Therefore, quantitative estimations of intensity and frequency of event-driven
sediment dispersal is of importance in studying long-term sediment transport.

Figure 3.13. Interannual variations of sedimentation rate (SR; panel a) over the entire shelf
(water depth < 200 m; black) and inner shelf (water depth < 50 m; red), and fluvial sediment flux
(Mississippi and Atchafalaya Rivers; panel b).
3.4.3 Spatial pattern of deposition
We averaged model simulated sedimentation rate from 1993 to 2012 based on the
changes in the thickness of sediment layers. As shown in Fig. 3.14, sedimentation rate in the
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nGoM varied greatly from more than 10 cm/yr to almost zero. The highest sedimentation rate
was simulated just off the mouths of the Mississippi and Atchafalaya Rivers. High sedimentation
rate (> 5 cm/yr) around the Atchafalaya River estuary and its decreasing in an offshore direction
suggested that most sediments debouching into the nGoM through the Atchafalaya River were
retained in the bay. For the Mississippi River, however, high sedimentation rate distributed on
both sides of the bird-foot delta due to bidirectional (eastward and westward) fluvial sediments
dispersal with the shift of alongshore currents direction in different seasons. Over the western
Louisiana shelf, fluvial sediments were transported westward crossing 93°W and deposited over
the shelf. Sedimentation rate over the Louisiana-Mississippi-Alabama shelf was less than 1
cm/yr. Over the 20yr simulation period, very little fluvial sediment was deposited in waters
deeper than 500 m, indicating limited cross-shelf suspended sediment transport.

Figure 3.14. 20-year averaged annual sedimentation rate in the nGoM (unit: cm/year).
3.4.4 Sensitivity tests for high and low fluvial discharge
The Mississippi-Atchafalaya River system is the dominant sediment source in the nGoM
and both water and suspended sediment fluxes exhibit strong seasonality: most high fluxes start
from late winter until the end of spring (Fig. 3.15a, 3.15b, 3.16a and 3.16b). The peak flow
appeared from February to April, ranging between 60 and 100 km3/month for the Mississippi
River. Water flux of the Atchafalaya River was about 55% lower than that of the Mississippi
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River. In summer and fall, water fluxes of both rivers were only 20-30% of their maxima. SSF
showed similar temporal pattern as that of water. The highest monthly SSF (61.7 Mt/month) of
the Mississippi River was in April 1995 due to the concurrence of peak streamflow (74.1
km3/month) and SSC (832 mg/l). The SSF peak of the Atchafalaya River was lower than 20
Mt/month except in 1998 and 1999. Here we applied the non-parametric change-point Pettitt test
(Pettitt, 1979) to monthly water and suspended sediment fluxes to detect the presence of any
points of change over the modeling period (1993-2012). As a statistical test used to detect the
characteristics of changes, the non-parametric Pettitt test has been widely used in previous
hydroclimatic studies (Z. Ma et al., 2008; Villarini et al., 2009; Xue et al., 2018). The nonparametric statistic 𝑈4,U is defined as:
𝑈4,U = ∑4MR: ∑UZR4\: 𝑠𝑔𝑛X𝑋M − 𝑋Z [.

(1)

where 𝑇 is the length of the time series, 𝑡 is the time of the shift, 𝑋 is monthly water flux or SSF,
and
1
𝑠𝑔𝑛X𝑋M − 𝑋Z [ = _ 0
−1

X𝑋M − 𝑋Z > 0[
X𝑋M − 𝑋Z = 0[ .

(2)

X𝑋M − 𝑋Z < 0[

If a change point exists, the value of |𝑈4,U | increases with 𝑡 to its maximum and then decrease
and the most significant change point is established at the time when |𝑈4,U | is equal to 𝐾U =
max (|𝑈4,U |). The significance probability 𝑝 of 𝐾U is estimated with
3mn p

𝑝 = 2 exp lU q \Uop r.

(3)

If 𝑝 < 0.05, a significant change point is confirmed and time series show different features
before and after the change point.
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Figure 3.15. The Mississippi River monthly water discharge (a) and SSF (b) from 1993 to 2012.
(c) and (d) represent Pettitt’s test for detecting a change in water discharge and SSF,
respectively. (d) and (e) show multi-year monthly mean water discharge and SSF before (19931998; solid line) and after (1999-2012; dotted line) the change point.

Figure 3.16. Same as Figure 3.15 but for the Atchafalaya River.
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As shown in Fig. 3.15c, 3.15d, 3.16c and 3.16d, the most significant change points of
water and suspended sediment fluxes occurred in 1999. This remarkable change can be ascribed
to the phase shift of ENSO from the strong El Niño episode of 1997/98 to the strong La Niña
episode of 1999/2000 (Twine et al., 2005). The strong decreasing variability of other streamflowrelated climate indices (e.g., NAO, PDO) after 1999 were likely related to this
climatic/hydrologic regime shift (Rossi et al., 2011). We therefore divided our study period
(1993-2012) into two time spans, before (1993-1998) and after (1999-2012) the change point.
For the Mississippi River, the annual mean water flux declined from 528.8 km3/yr in the first
span to 433.5 km3/yr in the second. The annual mean SSF almost halved from 122.0 Mt/yr
(1993-1998) to 69.8 Mt/yr (1999-2012). For the Atchafalaya River, the annual mean water flux
went down from 248.3 km3/yr to 191.9 km3/yr and the SSF decreased by 34% (from 69.0 to 45.1
Mt/yr). To unravel the difference of river discharge after the change point, we compared the
multi-year monthly mean water and sediment fluxes in these two spans (Fig. 3.15e, 3.15f, 3.16e
and 3.16f). In general, monthly water flux in the first span was higher than that in the second
span for both rivers. The major difference for the monthly mean Mississippi River discharge
between the two spans was found between January and May, when water and sediment fluxes
were high (Fig. 3.15e and 3.15f). Unlike the Mississippi River, the decreases of the Atchafalaya
River monthly mean water and sediment fluxes from the first to the second span were relatively
constant in each month (Fig. 3.16e and 3.16f).
To assess the impact of fluvial discharge changes on sediment dispersal over the shelf,
we conducted two 20yr sensitivity tests using the 1993-1998 and 1999-2012 monthly mean SSF
to represent the high and low river discharge scenarios, respectively. Since few studies
quantitatively estimate the Mississippi River channel evolution and its contribution to fluvial
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sediment flux (proximal sediment supply), fluvial sediment supply variation due to river bed
scour and deposition is not considered in this study (Juez et al., 2018). Over the 20yr simulation
period, the sedimentation rate over the entire shelf turned to be lower in the low fluvial discharge
scenario than that under high fluvial discharge scenario (Fig. 3.17). Substantial reduction in
sedimentation rate was simulated around the bird-foot delta and in the Atchafalaya Bay.
Sedimentation rate difference between the two tests was minimum in waters > 200 m deep (Fig.
3.17c), suggesting the impact from reduced river inputs might limit to the shelf water.

Figure 3.17. 20-year averaged annual sedimentation rate in the nGoM with high river discharge
(a), low river discharge (b) and their difference (c).
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3.5 Discussion
Triggered by both anthropogenic activities and natural forces, Louisiana’s coast has been
experiencing severe land loss over the last several decades although efforts have been dedicated
to land building through marsh creation, sediment diversion, barrier island restoration and
shoreline protection (Coastal Protection and Restoration Authority of Louisiana., 2017). In this
section we use the results from our 20yr simulation and scenario tests to assess the impact of a
decreased fluvial inputs on two areas of interests: 1) the exchange of Louisiana Bight with
Barataria Bay where serious land loss is undergoing, and the 2) the distal transgressive sandy
shoals on the Louisiana Shelf, which provide the sandy dredging materials for coastal restoration
purpose.
3.5.1 Bay-Shelf Exchange
Our sensitivity tests indicate that the sedimentation in nGoM can be greatly affected by
the changes in fluvial discharge, especially in areas adjacent to the river mouths and deltas.
These results shed light on possible projects from the ongoing Louisiana Coastal Master Plan,
which will divert a large amount of water and sediments away from the main channel to coastal
bays where new land is expected to be built (Coastal Protection and Restoration Authority of
Louisiana., 2017).
Here we focused on the circulation and difference of sedimentation rate between the lowand high discharge scenarios in the Louisiana Bight and Barataria Bay region (Fig. 3.18), where
1177 ± 106 km2 of land was lost in the period of 1932-2016 (Couvillion et al., 2017). Our model
identified two transport pathways of the Mississippi-derived sediments: 1) a direct
northwestward alongshore transport from the Southwest Pass, and 2) a gyre-induced clockwise
transport, which joins the alongshore transport near Sandy Point (Fig. 3.18). While these two
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pathways have been previously reported (Fitzgerald et al., 2004; Georgiou et al., 2005; Li et al.,
2011), our sensitivity tests, for the first time, indicated that sharp decrease of sedimentation rate
due to the decline of fluvial sediment discharge was expected in waters around the bird-foot delta
(> 10 cm/yr) and within the clockwise gyre (up to 1 cm/yr), where sedimentation rate was higher
than that over the entire shelf (Fig. 3.17). Since our model used fluvial SSC and discharge
measurements from USGS river gages as river input, sediment in-channel storage was treated
unchanged although it varies with proximal/distal sediment supply, flow regimes and sediment
particle grain size (Juez et al., 2018). To better quantify fluvial sediment deposition and sediment
flux around the bird-foot delta, the effects of sediment dispersal in the river channel should be
taken into account in future study.

Figure 3.18. Annual sedimentation rate difference between high and low river scenario (color) and
20-year averaged barotropic current field in the Louisiana Bight (reddish color represents higher
difference between the two scenarios). The black and magenta solid long arrows illustrate two
pathways of sediment transport to the mouth of the Barataria Bay.
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It has been estimated that the net sediment transport through tidal inlets between the
Barataria Bay and the Louisiana Bight were seaward, and the SSF was ~8,800 ton/day with 85%
of the flow variability in the pass resulting from tides (Snedden, 2006; Li et al., 2011). Fitzgerald
et al. (Fitzgerald et al., 2004) related the growth of ebb-tidal deltas outside the Barataria Bay to
eroded inlet and alongshore transport. Although few studies quantitatively investigated the
contributions from different sediment sources (e.g., coastal erosion; resuspension and fluvial
discharge) to the depositions close to the bay mouth, large sediment inputs, associated with low
salinity and intensified stratification, was observed through tidal inlets, which suggests that
sediments from the Mississippi River can be transported into the Barataria Bay during flood tides
(Li et al., 2009). Due to the relative coarse spatial resolution of our model (1 km) and the lack of
information to prescribe sediment inputs from coastal erosion, this study still cannot quantify the
importance of the Mississippi fluvial sediments to Barataria Bay’s sediment budget. However, if
sediment discharge from the Mississippi River keeps decreasing in the future, we expect less
sediment to be transported to the bay via tidal inlets.
3.5.2 Sediment dynamics over submarine shoals
3.5.2.1 River supply
By the end of our 20yr simulation, the fractions of river-derived sediments in the surficial
seabed layer for Tiger Shoal, Trinity Shoal and Ship Shoal were 17.6%, 7.1% and 10.0%,
respectively (Table 3.2). The values were comparable with the estimations of previous
geotechnical investigations (Penland and Boyd, 1985; Khalil et al., 2007; Flocks et al., 2009).
Moreover, the variation of shoal-wide fluvial sediment fraction under high/low river discharge
scenarios was less than 2.1%, indicating the impact from the changes in riverine inputs was not
significant over shoals (Table 3.2). The low percentages of modern fluvial sediments were due to
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the limited supply of fluvial sediments and resuspension induced by strong hydrodynamics.
Previous studies revealed that modern fluvial sediments transport to the sandy shoals through
bedload transport was trivial because most materials over the three shoals were relict coarse
sediments (Kobashi et al., 2007; Flocks et al., 2009), so we did not incorporate bedload in our
simulation. Under calm weather conditions, sediment plume of the Atchafalaya River was
mainly confined within the Atchafalaya Bay, and only a small amount of suspended sediments
could be transported over the shelf (Walker and Hammack, 2000; Draut et al., 2005a). However,
during episodic events (i.e., cold fronts and hurricanes), previously deposited riverine sediments
were resuspended and transported offshore, suggesting a direct yet intermittent supply of fine
riverine sediments to the shoals (Kobashi et al., 2007; Kobashi, 2009). Besides, wave-supported
fluid mud movement is another important mechanism in terms of fluvial sediment across-shelf
transport over the muddy Atchafalaya Shelf (Jaramillo et al., 2009; Sheremet et al., 2011;
Traykovski et al., 2015). Since most fluid mud observations and modeling studies only focus on
short-term period (several days to weeks), the importance of fluid mud transport to sandy shoals
on decadal scales is still unclear.
Table 3.2. Percentage of fluvial sediments over each shoal

Tiger Shoal
Ship Shoal
Trinity Shoal

Benchmark

High river scenario

Low river scenario

17.6%
10.0%
7.1%

17.1%
12.1%
7.6%

16.5%
10.1%
6.5%

3.5.2.2 Hydrodynamics
Given strong bottom shear stress induced by shallow water depth, sediment
remobilization over sandy shoals is potentially intensive. To investigate the temporal variation of
hydrodynamics related to sediment resuspension over these transgressive shoals, we calculated
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spatially-averaged, monthly-mean bottom shear stress induced by currents and waves (τcw) over
each shoal. The highest critical shear stress (τc) of fluvial sediments (0.2 Pa; see Table 3.1) was
treated as the threshold of “strong resuspension” and the number of days with τcw > τc was
counted to represent the duration of strong resuspension. As shown in Figs. 3.19a through d, both
τcw and the number of days with excessive bottom shear stress maximized in cold season. About
80% of the days with excessive bottom shear stress was found between October and April
(82.2% for Tiger Shoal, 80.2% for Ship Shoal, and 78.8% for Trinity Shoal, respectively). Such
unevenly temporal distribution indicates that most resuspension over the shoals happens during
cold season when hydrodynamic are stronger. To quantitatively estimate the inter-annual
variation of bottom resuspension over the three shoals, we plotted the annual mean bottom shear
stress (τm), wind speed (data source: CFSR) and the number of days with excessive bottom shear
stress in one year over each shoal (right panel of Fig. 3.19). Both τm and the number of days with
strong resuspension (τ > τc) peaked in 1998 and 2008, and the variation of hydrodynamics was
highly correlated with wind speed (Fig. 3.19e, 3.19f, 3.19g and 3.19h). Although previous
investigations found the inter-annual variations of strong meteorological and hydrodynamic
conditions can be ascribed to stratospheric ozone depletion, available latent heat, expansion of
Hadley cell and large-scale circulation pattern shift (Hardy and Henderson, 2003; Bengtsson et
al., 2009; Senkbeil et al., 2012; Hemer et al., 2013; Appendini et al., 2014; Vose et al., 2014;
Yang et al., 2015; Ng et al., 2017), the balance and interactions between these factors are still
less understood and it is still a challenge to directly link their influence with regional hydro- and
sediment dynamics. In general, sediment dynamics over the transgressive shoals is mainly
impacted by wind-induced hydrodynamics rather than fluvial inputs.

59

Figure 3.19. Monthly spatial-averaged (diagonal cross region in Fig. 3.1) bottom shear stress
over Tiger Shoal (blue), Ship Shoal (green) and Trinity Shoal (red), and the black solid line
shows the highest critical shear stress (c = 0.2 Pa) of fluvial sediments (a). Histograms indicate
the number of days in one month with strong resuspension (daily spatial averaged bottom shear
stress cw > 0.2 Pa) over Tiger Shoal (b), Ship Shoal (c) and Trinity Shoal (d). The background
color shows cold season (October-March; blue) and warm season (April-September; red). Fig.
3.19e shows spatial-averaged, annual mean bottom shear stress (m) over each shoal (same legend
as panel a). Fig. 3.19f, 3.19g and 3.19h show the number of days with excessive bottom shear
stress (cw > 0.2 Pa) in one year and annual mean wind speed over three shoals.
3.5.3 Limitations and Future Work
Our 20yr simulation reproduced the overall pattern of the transport and dispersal of riverderived sediments in the nGoM. However, it is noteworthy that some important sediment
transport processes and mechanisms were not included in our model. First of all, this study only
focused on the dynamics of fluvial sediments, thus the resuspension of shelf sediments was not
considered. Such simplification will underestimate the SSF over the shallow shelf, where
resuspension of shelf sediments can be an important source in addition to river inputs. During
intensive events (hurricanes or cold fronts), sediment resuspension could be an order of
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magnitude higher than fluvial discharge (Keen et al., 2004; Goñi et al., 2006; Tweel and Turner,
2012). Secondly, coastal erosion was not included in our model. The Mississippi River Delta has
been experiencing severe land loss over the past decades. Combination of natural processes (e.g.,
storms, subsidence and salt water intrusion) and human activities (e.g., artificial channel, oil
industry, and urbanization) accelerates the erosion process and a large amount of eroded
sediments can be transported to the coastal water (Sasser et al., 1986; Turner, 1997; Morton et
al., 2006). Thirdly, our model only simulated suspended load. Although model results indicated
that deposition of river sediments mainly occurred in waters that are < 200 m deep, one should
not rule out the possible cross-shelf transport induced by bedload that were not included in our
model. For instance, Corbett et al. (Corbett et al., 2006) pointed out that cross-isobath sediment
supply to the shelf break could be attributed to subaqueous slides and slumps, where
sedimentation rates could be higher than that around the bird-foot delta. Ross et al. (Ross et al.,
2009) found sediment flux to the Mississippi Canyon is more related to the sediments availability
rather than current speeds and hurricanes can greatly increase the sediment transport through
canyons. Besides, wave-supported gravity flow (i.e. fluid mud), as an important mechanism of
the transport of fine sediments, has been reported on the Atchafalaya Shelf (Kineke et al., 2006;
Mehta et al., 2014; Traykovski et al., 2015). Although the velocity of fluid mud transport is
slower than suspended load, its high concentration (> 10 g/l) can substantially increase the
sediment flux and change the deposition pattern near river estuaries (Draut et al., 2005b). In
addition, fluid mud can incur bottom turbulence dissipation, which can be a dominant feature
over the shelf off the Atchafalaya Bay (Jaramillo et al., 2009; Sheremet et al., 2011). Bedload
transport of non-cohesive sediment and its interaction with hydrodynamics is also important to
the formation and geomorphological changes of a erodible bed (Zordan et al., 2018). Last but not
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least, baroclinic estuarine circulation, tidal pumping effects and sediment storage in the river
channel cannot be resolved in our model since fluvial discharge was treated as point source in
ROMS. Such simplification in estuarine dynamics can affect the sediment flux estimation from
river estuaries to the shelf (Snedden, 2016; Juez et al., 2018). Further investigation that accounts
for the above-mentioned processes is expected for a more comprehensive analysis of regional
sediment dynamics.
3.6 Conclusions
We adapted the coupled ocean-sediment transport model to the northern Gulf of Mexico
to investigate sediment dynamics on seasonal to decadal time scales. Extensive model-data
comparisons were carried out to evaluate model performance. Our 20yr model simulation reveals
that:
Strong easterly winds prevailed in non-summer seasons. Relative weak westerly winds in
summer reversed currents between 20-m and 50-m isobaths to an eastward direction. Wave- and
current-induced bottom shear stresses exhibited similar temporal (strong in winter and weak in
summer) and spatial (higher over the inner shelf) patterns. High sedimentation rate (> 1
cm/season) and SSF (> 0.1 kg/m/s) were found in spring near river mouths. During summer,
calm hydrodynamics and reversed coastal currents resulted in weak eastward SSF over the
Louisiana-Texas shelf. Deposition on the Louisiana-Mississippi-Alabama shelf became
negligible in fall;
Over the 20yr simulation, sedimentation rate ranged from almost zero to more than 10
cm/yr in waters near the river mouth and surrounding the delta. Interannual variation of
sedimentation rates over the shelf (h < 200 m) and inner shelf (h < 50 m) were highly correlated
with the fluvial sediment flux. Mississippi-derived sediments dispersed on both sides of the bird-
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foot delta, while the Atchafalaya–derived sediments was mainly confined in the Atchafalaya
Bay. Two major pathways for the Mississippi River-derived sediment were identified: a direct
westward alongshore transport from the Southwest Pass, and a gyre-induced clockwise transport
centered in Louisiana Bight;
A change point was detected in 1999 in the time series of water and sediment discharge
from the Mississippi-Atchafalaya River over the period of 1993-2012. This change point was
correlated with the shift of ENSO from a strong warm phase to a strong cold phase. The annual
mean water and sediment fluxes decreased sharply from the 1993-1998 period to the 1999-2012
period. Model sensitivity tests indicated that the influence of decreased river inputs on
sedimentation rate was limited to waters near the river mouths, which reduced sediment transport
into the Barataria Bay during flood tide and potentially worsen the ongoing land loss in the bay;
Model simulated percentages of fluvial sediments over the Tiger, Trinity and Ship Shoals
were less than 18%, indicating the variation of river sediment flux might have limited impact on
local sedimentation. Sediment dynamics over these distal sandy bodies were mostly affected by
the strong winds in cold season between October and April.
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CHAPTER 4. A NUMERICAL INVESTIGATION OF WAVE-SUPPORTED GRAVITY
FLOW DURING COLD FRONTS OVER THE ATCHAFALAYA SHELF
4.1 Introduction
As the most volumetrically abundant natural material on the Earth’s surface, mud (grain
size < 63 μm) plays a key role in fluvial sediment delivery, land building, and subsidence in
coastal regions (Nittrouer et al., 1991; Aplin et al., 1999; Neill and Allison, 2005; Macquaker et
al., 2010; Meade and Moody, 2010). Mud deposits have been widely observed seaward of active
river systems and their morphological features are determined by both fluvial discharge and
oceanic processes (Ogston et al., 2000). They usually have high content of organic matters and
bioturbation footprints (Allison et al., 2000; Bianchi et al., 2002; Bentley and Nittrouer, 2003;
Bentley et al., 2006; Goñi et al., 2006). Furthermore, mud preserves the record of pollutions and
human activities and can imply the transport of contaminants such as heavy metals,
microplastics, and pesticides in the aquatic environment (Trefry and Presley, 1976; Martin, 2002;
Adams et al., 2007; Dail et al., 2007; Huang et al., 2014). In navigation channels, the existence
of aggregated mud layer near the bottom can introduce high drag resistance against the
propulsion of vessels (Mehta et al., 2014). Therefore, understanding the controlling mechanisms
of muddy deposits is important to geomorphology, oceanic biogeochemical process, ocean
pollution, and coastal engineering.
Fluid mud, an intermediate stage between consolidated deposition and dilute fine
sediment suspension, is fine-grained, non-Newtonian slurry characterized by high concentration
(> 10 g/l) and hindered settling (Ross and Mehta, 1989; Sheremet et al., 2005; Sahin et al.,
2012). The ubiquity of fluid mud has been reported globally in river estuaries (e.g., Yellow River
in China, Eel River in California, Atchafalaya River in Louisiana, Waiapu River in New
Zealand) due to the high discharge of fine sediment-laden rivers (McAnally et al., 2007). Fluid
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mud’s importance for across-shore sediment transport has been well-documented (Kineke et al.,
2006; Wang et al., 2010; Hale and Ogston, 2015). Unlike conventionally understood turbidity
currents driven by density difference due to sediment resuspension and gravity, fluid mud, when
moving down mild slope (< 0.7°), is usually supported by ambient waves and currents (Wright et
al., 2001). Based upon different suspension maintenance mechanisms, fluid mud can be
categorized as: (i) wave-supported fluid muds (WSFM; Harris et al., 2005), which is also the
focus of this study, (ii) current-supported fluid muds (CSFM; Wang et al., 2010), and (iii) wavecurrent-supported fluid muds (WCSFM; Ma et al., 2010). WSFM mainly requires near-bed
turbulence introduced by wave orbital velocity within the wave boundary layer (WBL) to
maintain high concentration sediment suspension (Traykovski et al., 2000, 2007; Friedrichs and
Scully, 2007). In return, high density fluid muds with enhanced viscosity effectively attenuate
wave energy in different spectral bands (Sheremet and Stone, 2003; Sheremet et al., 2005, 2011;
Winterwerp et al., 2007). Under the influence of gravity, high-density fluid muds move
downslope across shelf to the deeper regions until the decreased wave-induced shear can no
longer support the total amount of sediments in the WBL (Wright and Friedrichs, 2006;
Friedrichs and Scully, 2007). WSFM is usually reported during energetic wave activities
associated with the cold front or hurricane passages (Sheremet et al., 2005; Kineke et al., 2006).
In response to energetic events, fine particles can be resuspended from the seabed creating
WSFM which is capable of propagating downslope rapidly from the clinothem topsets to the
more steeply dipping foresets, resulting in a higher sediment deposition rate offshore (Neill and
Allison, 2005; Denommee et al., 2016).
As the research area of this study, the Atchafalaya shelf in the northern Gulf of Mexico
(nGoM) is characterized by shallow water depth and gentle gradient (Rotondo and Bentley,
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2003). It receives large amount of fluvial discharge (~237 km3/yr water flux and ~71.5 Mt/yr
sediment load) from the Atchafalaya River, a distributary of the lower Mississippi River (Allison
et al., 2012). Freshwater discharge of the Atchafalaya River accounts for ~30% of total
Mississippi River discharge after the construction of Old River Control Structure upstream near
Simmesport, LA (Neill and Allison, 2005). Approximately 70% of the Atchafalaya water flux
flows into the Atchafalaya Bay through the Atchafalaya Outlet, and the remainder passes through
the Wax Lake Outlet (Kineke et al., 2006). The sediment diversion to the Atchafalaya River after
1970s resulted in the growth of sandy delta lobes and land/subaqueous delta accretion in the
Atchafalaya Bay (Draut et al., 2005a; Neill and Allison, 2005). Previous volumetric calculations
estimated that less than half of the fluvial sediment was retained in the Atchafalaya Bay, and the
rest was transported into the nGoM (Wells et al., 1984). As an important sediment transport
process, WSFM dispersal has been reported over the Atchafalaya subaqueous delta and Chenier
Plain mudflats during the passage of cold fronts and tropical storms (Wells and Kemp, 1981;
Allison et al., 2000; Kineke et al., 2006; Jaramillo, 2008; Safak et al., 2010). Existence and
significance of WSFM-induced offshore sediment transport over the Atchafalaya shelf are
further supported by isotope chronologies (Allison and Neill, 2002; Rotondo and Bentley, 2003;
Draut et al., 2005b). Due to the high-intensity wave activities during cold fronts, WSFM mostly
occurs in winter and early spring. During a winter storm, muddy topset/foreset of the subaqueous
delta near the Atchafalaya Bay mouth goes through a cycle of liquefaction, erosion, and
deposition, which lead to fluid mud formation followed by consolidation (Sahin et al., 2012).
Such a cycle results in the formation of two fluid mud layers above the Atchafalaya clinoform:
the first one is introduced by seafloor liquefaction and the second one is caused by advection and
suspended sediment settling (Jaramillo et al., 2009). Along the Chenier Plain coast, fluid mud
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forms following the cold front’s approach and potentially contributes to the onshore sediment
transport because of coastal upwelling and wave energy attenuation (Kineke et al., 2006). The
sedimentary fabrics (such as ripple cross-bedding and intercalated silts and clays) in sediment
cores, as well as 210Pb profiles and X-radiographs over the Chenier Plain highlighted the
importance of WSFM transport over the mud deposit (Denommee et al., 2018).
Existing WSFM field studies on the Atchafalaya shelf rely on tripods, anchor stations,
buoy stations and sediment cores (Kineke et al., 2006; Jaramillo et al., 2009; Safak et al., 2010;
Sheremet et al., 2011; Sahin et al., 2012; Denommee et al., 2018). Direct measurements of
hydrodynamic and sediment quantities at the bottom boundary layer (BBL) are still limited. In
addition, sampling fluid muds and measuring gravity-induced sediment flux on shelf scale are
still challenging. These difficulties inhibit a thorough understanding of the influence of fluid mud
process on sediment dynamics. As an alternative method, numerical models have been widely
developed to investigate fluid mud process and its interaction with hydrodynamics. The idealized
1D eddy-viscosity BBL model developed by Trowbridge and Kineke (1994) revealed that the
vertical structure of turbid bottom layer was controlled by the characteristics of sediment
particles (e.g., settling velocity) and hydrodynamics (e.g., bottom friction velocity). Cacchione et
al. (1999) developed another 1D shelf model which included the bed-grading algorithms by
Wiberg et al. (1994) and Harris and Wiberg (1997). The model was applied to the inner portion
of the Eel continental shelf and simulated the transport of large amounts of fine sediments
towards the deeper sections of the shelf within the BBL in winter season (Cacchione et al.,
1999). Considering the highly turbid hyperpycnal flow and wave-supported resuspension, the 1D
model developed by Friedrichs and Wright (2004) indicated the equilibrium convex clinoform
profile is determined jointly by wave height and fluvial sediment supply. Scully et al. (2003)
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employed a two-dimensional WSFM model to the Eel River during floods and reasonably
simulated the offshore fine sediment deposit over the mid-shelf, which accounts for 26% of the
fine sediment discharged by the Eel River over four flood seasons from 1994–1995 to 1997–
1998. The same model was applied to the Po River in the Adriatic Sea, and most of the
deposition was detected near where offshore slope first ceases to increase (Friedrichs and Scully,
2007). Harris et al. (2004, 2005) further included settling process into a 3D WSFM model in
Estuarine and Coastal Ocean Model-Sediment (ECOM-SED; Blumberg and Mellor, 1987) and
simulated a 5–10 cm deposition over the mid-shelf seaward off the Eel River during the January
1997 flood. In the same study, the gravitationally forced offshore WSFM sediment flux was
higher than the dilute sediment flux in water. The wave model by Sheremet et al. (2011) revealed
that mud-induced energy dissipation is crucial during wave propagation although nonlinear
three-wave interactions play a key role in the shape of the frequency distribution of the
dissipation rate. Safak et al. (2010) and Sahin et al. (2012) applied the one-dimensional cohesive
BBL model by Hsu et al. (2009) to the Atchafalaya shelf and concluded that the existence of
fluid mud controls turbulent kinetic energy balance and state of the seafloor.
Although previous field and numerical studies significantly furthered our understanding
on WSFM dynamics and its interaction with hydrodynamics, only a few studies (e.g., Neill and
Allison, 2005; Denommee et al., 2018) focused on the mechanisms behind the formation of the
offshore depo-center on the Atchafalaya shelf, which is possibly the results of WSFM transport.
In addition, there is a paucity of a comprehensive understanding on the concurrent impact of
fluvial discharge, waves, and winds on shelf scale WSFM processes. In this study, we adapted
and improved three-dimensional (3D) WSFM model by Harris et al. (2004, 2005) into the
Community Sediment Transport Modeling System (CSTMS; Warner et al., 2008) on the
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platform of the Coupled Ocean-Atmosphere-Wave-and-Sediment Transport modeling system
(COAWST; Warner et al., 2008, 2010). We applied the aforementioned model to the nGoM to
reproduce WSFM-induced deposition over the Atchafalaya shelf during the three cold fronts
(hereafter defined as CF1, CF2 and CF3 in chronological order) in March 2008. Compared with
its original platform (ECOM-SED), COAWST incorporates several state-of-the-art numerical
models, newly developed sediment modules (e.g., Sherwood et al., 2018), and supports the
coupling among the atmospheric, wave, and ocean models. The objectives of this study are: i) to
understand WSFM’s contribution to the depositional pattern over the Atchafalaya shelf, ii) to
quantify sediment fluxes due to fluid mud and dilute suspended sediment during cold fronts, and
iii) to evaluate model sensitivity to fluvial discharge and sediment parameterizations. Our
findings from this modeling study can shed some light on WSFM and sediment transport studies
in other continental margins around the world.
4.2 Model Setup
COAWST is an open source community model that incorporates three state-of-the-art
numerical models (the Weather Research and Forecasting model [WRF, v 3.7.1, Skamarock et
al., 2005], ROMS [svn 797, Shchepetkin and McWilliams, 2005; Haidvogel et al., 2008], and the
Simulating Waves Nearshore model [SWAN, v 41.01AB, Booij et al., 1999]). In this study, we
activated the coupling between the ROMS and SWAN and adapted the wave supported
gravitational flow module developed by Harris et al. (2004, 2005) to ROMS’s sediment transport
model (CSTMS). A 25-day coupled ocean-wave-sediment transport simulation was conducted
for the period of 03/01/2008–03/25/2008, during which three cold fronts introduced energetic
wave events were reported and field observational data are available (Sahin et al., 2012;
Traykovski et al., 2015).
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Figure 4.1. The northern Gulf of Mexico (nGoM) model domain (lower left of panel a) and
Atchafalaya shelf overlaid with water depth (color-shading) and locations of tripods (T1, T2 and
T3) from Traykovski et al. (2015) and Sahin et al. (2012). The two yellow lines represent two
transects across the Atchafalaya Bay (Transect A) and Chenier Plain inner shelf (Transect B).
The two transects (going through the tripods) are cutoff at 10 m depth. Panel b shows mud
fraction (unit: %) over the sea floor from USseabed (Williams et al., 2007). Isobaths contoured at
5, 10, 15 and 20 m.
4.2.1 Hydrodynamic model (ROMS)
ROMS is a three-dimensional, free surface, terrain following model that solves ReynoldsAveraged Navier-Stokes (RANS) equations based on the hydrostatic and Boussinesq
assumptions (Chassignet et al., 2000; Haidvogel et al., 2008). Our model grid covers the nGoM
with a horizontal resolution of 1 km (Fig. 4.1a). A total of 24 vertical terrain-following sigma
layers were specified to resolve the vertical structure of water column. Initial and boundary
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conditions (e.g. sea-level, barotropic and baroclinic current speeds, temperature and salinity)
were extracted from the 1/12° data assimilated Hybrid Coordinate Ocean Model
(HYCOM/NCODA, GLBu0.08/expt_19.0; Chassignet et al., 2003). The Orlanski-type radiation
boundary condition was imposed for temperature, salinity and baroclinic velocities (Orlanski,
1976). Flather (1976) boundary was specified for depth-averaged current velocity. The Oregon
State University Tidal Inversion Software (OTIS; Egbert and Erofeeva, 2002) regional tidal
solution was interpolated on the model domain as tidal forcing. For buoyancy forcing and
meteorological momentum, we used the North American Regional Reanalysis (NARR,
https://www.esrl.noaa.gov/psd/data/gridded/data.narr.html) with a 32 km horizontal resolution.
River inputs were obtained from United States Geological Survey (USGS) Water Data for the
Nation (http://nwis.waterdata.usgs.gov) at station Melville, LA (monthly mean fluvial sediment
concentration: 0.27 g/l; water flux: 11,057 m3/s). We initialized the 25-days simulation on
03/01/2018 00:00:00 UTC with a time step of 1 second. Hydrodynamic was free to develop
without any benefits from nudging or data assimilation.
4.2.2 Surface wave model (SWAN)
We used the Simulating Waves Nearshore (SWAN) to simulate wind wave generation
and swell propagation in the nGoM. The grid of SWAN model was the same as that of the ocean
model (ROMS). Since the three open boundaries are close to the study region and swell
propagation is significant in coastal Louisiana, we extracted wave boundary condition from a
larger domain that covered the entire Gulf of Mexico (Zang et al., 2018). For realistic
initialization of the wave model, we conducted an nGoM wave simulation from 02/01/2008 to
03/01/2008 and used its restart files at the last time step as the initial condition for coupled
ocean-wave simulation initialized on 03/01/2018 00:00:00 UTC. The time step of wave model
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was 30 seconds. The physical setup was the same as Zang et al. (2018), and the upper limit of
frequency range used for computing the swell height was set to 0.2 Hz (Sheremet et al., 2005;
Safak et al., 2010).
4.2.3 Sediment transport model (CSTMS) and WSFM module
4.2.3.1 CSTMS
CSTMS is the sediment model incorporated in COAWST and has been widely used to
investigate sediment transport, stratigraphy and geomorphology in coastal regions (Xu et al.,
2011, 2016; Xue et al., 2012; Moriarty et al., 2014, 2015; Miles et al., 2015; Zeng et al., 2015;
Birchler et al., 2018; Sherwood et al., 2018; Zang et al., 2018). Since this study focused on mud
transport, we specified one cohesive (mud) and one non-cohesive (sand) sediment class and
treated the non-cohesive particle as a resuspension-resistant class with a high critical shear stress
(𝜏"#M = 100 𝑃𝑎). The gradient boundary condition was assigned for sediment particles to avoid
unreal sediment plumes near the boundary (Xu et al., 2011). On the seafloor, we prescribed 4
sediment layers with 1 m thickness for each layer. The percentage of cohesive sediment on the
seafloor was based on usSEABED dataset (Williams et al., 2007; Fig. 4.1b). Because the WSFM
process has been primarily reported on the topset and foreset of the subaqueous delta (water
depth < 10 m; Allison et al., 2000; Denommee et al., 2018, 2016; Draut et al., 2005b), the mud
fraction over the seabed was prescribed as zero where water depth exceeds 10 m.
4.2.3.2 WSFM module
WBL plays an important role in offshore sediment transport and material exchange
between seafloor and overlying water, especially during strong wave events (Harris et al., 2005;
Wright and Friedrichs, 2006; Jaramillo, 2008; Jaramillo et al., 2009). We introduced a new layer
to represent the WBL between the bottommost sigma layer and sediment bed layer (Fig. 4.2).
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The thickness (δ_w) of WBL depends on the wave orbital velocity u_w and the wave frequency
ω:
𝛿w =

xy
z

(1)

Sediment exchange between the seabed and the WBL is determined by the sediment erosion flux
(𝐸) and settling flux (𝐷). Here, net erosion/deposition in each time step is estimated following
Smith and McLean (1977):
𝐸 − 𝐷 = (𝑐}~ − 𝑐7,w•, )𝑤7,w•, ∆𝑡
0
𝑐}~ = ‚ "

(2)
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where 𝑐}~ is the equilibrium concentration, 𝑐7,w•, is the sediment concentration in the WBL and
𝑤7,w•, is the sediment settling velocity in the WBL. 𝑐}~ is 0 when bottom shear stress (𝜏"w ) is
less than cohesive sediment critical shear stress (𝜏"#M ). Otherwise, 𝑐}~ is determined by seabed
concentration 𝑐• = (1 − f)𝜌7}G (f: porosity on the sea floor), excess bottom shear stress 𝑆 =
(‰Šy 3‰Š‹Œ )
‰Š‹Œ

and resuspension coefficient 𝛾Ž , which is a constant and set to 0.005 (Cacchione et al.,

1999). Due to the significant variation of sediment settling velocity (𝑤7,w•, ) induced by
sediment-sediment interactions (i.e., flocculation and hindered settling effect), we set the settling
velocity of cohesive sediment in the WBL following Mehta (1996):
𝑤7,w•, = ‚

𝑤76 X𝑐7,w•, < 𝐶1[

(4)

𝑤7• X𝑐7,w•, ≥ 𝐶1[

where 𝐶1 is the fluid mud concentration threshold (10 g/l). When sediment concentration in the
WBL (𝑐7,w•, ) is lower than 𝐶1, particle interaction is negligible and settling velocity becomes
equal to free-settling velocity (𝑤76 ; 0.1 mm/s). If 𝑐7,w•, exceeds 𝐶1, settling velocity decreases
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as a result of hindered settling (𝑤7• ; 0.01 mm/s). Model’s sensitivity to different settling velocity
regimes is further discussed in Section 4.2.5.

Figure 4.2. Diagram of original Community Sediment Transport Modeling System (CSTMS; left
panel) and updated CSTMS model with wave boundary layer (CSTMS+WBL; right panel).
Different from the original CSTMS model, we set the downward sediment settling flux
from the bottommost sigma layer to the WBL instead of seabed. Similarly, upward suspended
sediment flux into the bottom sigma layer comes from the WBL instead of seabed. To estimate
the upward sediment flux (𝐸w•, ), we employ the following relation:
𝐸w•, = 𝑓(𝑅𝑖)𝜅𝑢w 𝑧w•,

"”,y•–—‹ 3"”,yƒ˜
Hƒ™– 3Hyƒ˜

(5)

where 𝑓(𝑅𝑖) = (1 + 3.33𝑅𝑖)3:.œ (Ross and Mehta, 1989). 𝜅 is the Von Karman’s constant (𝜅 =
0.408), 𝑐7,wŸ4}# is suspended sediment concentration (SSC) in the bottom sigma layer. 𝑧•-4 and
𝑧w•, represent the height of central point in the bottommost sigma layer and WBL. The gradient
Richardson number 𝑅𝑖 is calculated based on Munk and Anderson (1948):
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where 𝜌7}G and 𝜌 are densities of sediment and water, respectively, 𝑢w•, and 𝑣w•, are x- and ycomponents of velocity in the WBL. 𝑢wŸ4}# and 𝑣wŸ4}# represent current velocity components in
the bottom sigma layer.
Unlike consolidated seafloor, horizontal momentum of WSFM is not negligible. To
estimate the momentum in the WBL and WSFM-induced horizontal sediment flux, we use a
linearized Chezy equation that accounts for the velocities of both the WBL and the bottom sigma
layer (Wright et al., 2001):
𝐶G,• 𝑢w•, 𝑢w + 𝐶G,w•, (𝑢w•, − 𝑢wŸ4}# )𝑢w = 𝛿w 𝑔′𝑠𝑖𝑛𝜃x

(7)

𝐶G,• 𝑣w•, 𝑢w + 𝐶G,w•, (𝑣w•, − 𝑣wŸ4}# )𝑢w = 𝛿w 𝑔′𝑠𝑖𝑛𝜃£

(8)

where 𝑔′ is buoyancy anomaly that equals to 𝑔𝑐7,w•, (𝜌7}G − 𝜌)/𝜌. 𝜃x and 𝜃£ are slopes of
seafloor in x- and y-directions. 𝐶G,• is drag coefficient at the interface between the WBL and
seabed, and 𝐶G,w•, is the drag coefficient at the interface between the WBL and bottom sigma
layer. The value of 𝐶G,w•, is set to 0.004 (Friedrichs and Scully, 2007; Y. Ma et al., 2008) and
𝐶G,• is estimated following the equation:
𝐶G,• = 𝜅 © [log (𝑧w•, /𝑧Ž )]©

(9)

We set the hydraulic roughness 𝑧Ž to 0.0025 m following the previous in-situ and numerical
studies (e.g., Harris et al., 2004; Ogston et al., 2000; Traykovski et al., 2000). The horizontal
WSFM-induced sediment fluxes in x- and y-directions (𝑄®,w•, 𝑎𝑛𝑑 𝑄°,w•, ) are equal to
𝑐7,w•, 𝑢w•, 𝛿w and 𝑐7,w•, 𝑣w•, 𝛿w , respectively.
Given all the WSFM-related processes mentioned above (i.e. settling, resuspension,
diffusion and horizontal advection), the governing equation of WSFM flux in its general form is
given below:
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To solve the equation, we employed the 2D Lax-Wendroff method, which is an explicit secondorder scheme both spatially and temporally.
4.2.4 Model coupling
COAWST utilizes the Model Coupling Toolkit (MCT; Jacob et al., 2005) to support
variable exchange between ocean model (ROMS) and wave model (SWAN). ROMS sends water
depth, water level and barotropic current speed to SWAN and receives the computed parameters
(such as wave direction, wave length, significant wave height, wave energy dissipation rate and
bottom orbital velocity) from SWAN to estimate the influence of waves to the momentum at the
BBL, surface roughness and wave breaking-induced turbulent energy injection. In this study, we
used a wave-current bottom boundary layer model (SSW_BBL; Madsen, 1994) to simulate
bottom shear stress induced by currents and waves. The information exchange interval is 4
minutes.
4.2.5 Sensitivity tests
We carried out three sets of sensitivity tests to examine the influences of 1) WSFM, 2)
river inputs, and 3) settling velocity on simulated sediment fields.
To quantify the significance of WSFM in terms of sediment transport over the
Atchafalaya shelf, we conducted a simulation based on original CSTMS with identical model
setup and compared the differences in erosion/deposition pattern and sediment fluxes. Sediment
fluxes in the water column (𝑆𝑆𝐹wŸ4}# ) and the WBL (𝑆𝑆𝐹µ¶· ) were estimated as:
𝑆𝑆𝐹wŸ4}# = ∑Q
MR: 𝑆𝑆𝐶M ∙ 𝑢M ∙ ℎM

(11)

𝑆𝑆𝐹µ¶· = 𝐶w•, ∙ 𝛿w ∙ 𝑢w•,

(12)
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where SSCi and ui are suspended sediment concentration (unit: g/l) and current speed (unit: m/s)
in the ith layer. N is the number of vertical layers (24 in this study), and h is the thickness of each
layer (unit: m).
River discharge is important in controlling the intensity of dilute and gravity-driven
sediment transport during floods (Harris et al., 2005b). Here we modified riverine sediment
discharge to test the impact of river to sediment dynamics on the shelf. To avert the influence of
estuary hydrodynamics variation with a changing river flow, we kept water discharge unchanged
(11,057 m3/s) but doubled the fluvial SSC (from 0.28 g/l to 0.56 g/l) in one experiment and
halved the fluvial SSC (from 0.28 g/l to 0.14 g/l) in the other.
Unlike non-cohesive sediments, settling velocity of cohesive sediment varies greatly with
concentration, particle properties, and hydrodynamics (Milligan and Hill, 1998; Fugate and
Friedrichs, 2002; Gratiot and Manning, 2004). For fluid mud transport simulations, settling
velocity parameterization was even more challenging due to the wide range of sediment
concentration (Hill et al., 2000). Therefore, in sensitivity tests we specified sediment settling
velocity as 1) constant (0.1 mm/s; red line in Fig. 4.3), and 2) variable as a function of suspended
sediment concentration which includes the effects of flocculation and hindered settling.
Following Hwang (1989), Wolanski et al. (1989), and Sheremet et al. (2005), variable settling
velocity is specified as:
𝑤76 X𝑐7,w•, < 𝐶1[
𝑤7,w•, = _

¸ 2.qq
𝑎w (¸ p ¹ p)2.º X𝑐7,w•,
\¸

(13)
≥ 𝐶1[

where 𝐶1 is the sediment concentration threshold for particle interaction (0.1 g/l). The curve of
settling velocity variation with sediment concentration in the WBL (𝑐7,w•, ) is shown in Fig. 4.3
(black line). When 𝑐7,w•, is lower than 𝐶1, particle interaction is negligible and settling velocity
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is equal to free-settling velocity (𝑤76 ; 0.022 mm/s). If 𝑐7,w•, is higher than 𝐶1, settling velocity
goes up with the concentration due to the formation of flocs, then it decreases with further
increase of concentration as a result of hindered settling. 𝑎w is a dimensionless scaling
coefficient (0.0037) and 𝐶¹ is the hindered settling term (2 g/l). As shown in Fig. 4.3, due to three
different variations in settling velocity with increasing concentration, we will henceforth refer to
the variable settling velocity as three-regimes settling velocity where these regimes correspond to
free settling, enhanced settling due to flocculation, and hindered settling.

Figure 4.3. Relationships between sediment concentration and settling velocity in (1) benchmark
run (blue), (2) free settling sensitivity test (red) and (3) three-regimes sensitivity test (black).
4.3 Model Validation
We quantitatively evaluated the performance of the coupled model by comparing model
results with two in-situ datasets collected over the Chenier Plain (Traykovski et al., 2015) and
the Atchafalaya shelf (Sahin et al., 2012), both of which were tripod-based measurements (for
locations of the observations see Fig. 4.1). In Fig. 4.4 we compared the simulated significant
wave height (Fig. 4.4a), wave bottom orbital velocity (Fig. 4.4b) and normalized wave spectra
(Figs. 4.4c and 4.4d) with those measured off the Chenier Plain (T1 and T2). The three cold
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front-induced energetic events were identified on March 4th, March 7th and March 20th in 2008.
Our model captured the sharply elevated significant wave height and wave bottom orbital
velocity during the three cold fronts. The correlation coefficients (R) were 0.89/0.91 and
0.87/0.79 for significant wave height/wave bottom orbital velocity at stations T1 and T2,
respectively. Both observed and simulated wave spectra (Figs. 4.4c and 4.4d) exhibited high
energy density during the three cold fronts. Higher energy in swell bands (0.05 Hz ≤ f ≤ 0.2 Hz)
suggested the importance of swell propagation in coastal Chenier Plain. Simulated sediment
concentration in the WBL over the Chenier Plain showed similar temporal pattern as Optical
Backscattering Sensors (OBS) and Acoustic Backscattering Sensors (ABS)-based sediment
measurements: sediment concentration rose quickly from less than 1 g/l to more than 10 g/l when
cold fronts approached (Fig. 4.5).

Figure 4.4. Comparisons of the observed and simulated significant wave height (a), wave bottom
orbital velocity (b) at T1 and T2 stations and wave spectra at T2 station (normalized between 0
and 1; c and d) with three labeled cold front events (CF1, CF2 and CF3).
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Figure 4.5. Comparisons of the observed (OBS and ABS at T1 station; Traykovski et al., 2015)
and simulated sediment concentration in the wave boundary layer (WBL) with three labeled cold
front events (CF1, CF2 and CF3).

Figure 4.6. Comparisons of observed and modeled (a) significant wave height, (b) salinity, and (c)
sediment concentration in the WBL at T3 station.
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As the field measurement of Sahin et al. (2012) was from March 3rd to March 5th, it only
captured the hydro- and sediment dynamics during CF1. The significant wave height at T3
station increased from 0.5 to more than 1.0 m on March 4th, then decreased back to 0.5 m by the
end of observation (Fig. 4.6a). Our simulation in general reproduced the significant wave height
variation (R=0.74) although the simulated peak lags 10 hours. The difference could be ascribed
to the relative coarse spatial resolution of the wind forcing used by our model (32 km). The
salinity was stable (~30 PSU) until 06:00:00 UTC March 4th, when freshwater was flushed out of
the bay (Fig. 4.6b) as a result of the offshore expansion of the Atchafalaya River plume. After
CF1, freshwater plume retreated landward, and salinity increased gradually. Both modeled and
observed sediment concentration in the WBL increased during the waning phase of the cold front
due to sediment-laden river plume offshore expansion and sediment settling from the overlain
water (Fig. 4.6c). Sediment concentration reached its highest level after 12:00:00 UTC March 4th
(> 15 g/l in the WBL) and decreased gradually after 18:00:00 UTC. The comparisons between
simulations and measurements confirmed that our model reproduced both the hydrodynamics
and sediment dynamics during the passage of cold fronts, giving us the confidence that our
model results could represent WSFM-related processes over the Atchafalaya shelf.
4.4 Results
4.4.1 Winds, hydrodynamics and river plume
Since meteorological and hydrodynamic conditions varied drastically during cold fronts,
we specified three snapshots for each cold front representing pre-cold front, cold front, and postcold front stages, respectively (Fig. 4.7). Southeasterly wind prevailed the Atchafalaya shelf
before the arrival of cold fronts, and significant wave height was less than 1.5 m (Fig. 4.7a-c).
Depth-averaged offshore current was ~ 0.2 m/s nearshore, and westward alongshore current
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dominated the shelf (Fig. 4.8a-c). Bottom shear stress (τcw) was at low level because of calm
hydrodynamic conditions (Fig. 4.8a-c). The Atchafalaya River freshwater plume was mainly
confined within 5-m isobath and most freshwater was in the Atchafalaya Bay at pre-cold front
stage (Fig. 4.9a-c).

Figure 4.7. Wind speed and direction overlain by significant wave height over the Atchafalaya
shelf at pre-cold front (a, b and c), cold front (d, e, and f) and post-cold front (g, h, and i) stages.
The time is shown at the upper right of each panel. Each column represents three stages of one
cold front event.
When cold fronts swept across the shelf, wind direction became southeastward, and wind
speed increased to more than 10 m/s (Fig. 4.7d-f). Significant wave height decreased from 2.5 m
offshore to 0.7 m neashore (Fig. 4.7d-f). Current direction reversed to upcoast (eastward) due to
the shift of wind direction, and depth-averaged current speed went up to ~ 0.6 m/s off the
Atchafalaya Bay (Fig. 4.8d-f). The maximum τcw (> 1.0 Pa) was simulated between the 5- and
10-m isobaths (Fig. 4.8d-f). The upcoast flow over the shelf resulted in eastward expansion of
freshwater plume while the offshore expansion was quite limited (Fig. 4.9d-f). After the passage
of cold fronts, mild southeasterly wind (~ 5m/s) became prevalent, and significant wave height
fell back to less than 1 m (Fig. 4.7g-i). From the simulations, weakened downcoast currents and
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decreased τcw was observed over the shelf (Fig. 4.8g-i). The spatial distribution of freshwater
plume largely expanded offshore from the 5-m to 10-m isobaths (Fig. 4.9g-i).

Figure 4.8. Depth-averaged current speed and direction (indicated with arrows) overlain by
bottom shear stress (τcw; in color) over the Atchafalaya shelf at pre-cold front (a, b, and c), cold
front (d, e, and f) and post-cold front (g, h, and i) stages. Each column represents three stages of
one cold front event and the time of each snapshot is the same as Fig. 4.7.

Figure 4.9. Sea surface salinity over the Atchafalaya shelf at pre-cold front (a, b, and c), cold
front (d, e, and f) and post-cold front (g, h, and i) stages. Each column represents three stages of
one cold front event and the time of each snapshot is the same as Fig. 4.7.
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Figure 4.10. Depth-averaged current velocity (indicated with arrows; left panel) in the water
column and WSFM velocity (indicated with arrows; right panel) overlain with depth-averaged
SSC (color; left panel) and WSFM concentration (color; right panel) when cold fronts
approached. Each row represents one cold front event (CF1, CF2, and CF3). To highlight
sediment transport direction, we only plotted velocity arrow where SSC > 10 mg/l in the left
panel and WSFM concentration > 10 g/l in the right panel.
4.4.2 Sediment dispersal
When fluid mud formed during the passage of cold fronts, sediment concentration in the
WBL was on the order of 10–100 g/l, which was more than 10 times higher than the depthaveraged SSC in the overlain water column (Fig. 4.10). SSC was determined by the strength of
wave activities (CF3 > CF1 > CF2). The seaward boundaries of simulated WSFM are located
between 5- and 15-m isobaths. Velocity of WSFM ranged from 3 cm/s in the Atchafalaya Bay to
12 cm/s off the bay mouth and Chenier Plain coast (Fig. 4.10), which was comparable to the
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observations (Sahin et al., 2012; Traykovski et al., 2015). Since WSFM motion was mainly
driven by the down-slope gravitational force, its direction aligned with the down-slope
gravitational force over the shelf as well (Fig. 4.10). For suspended sediments in the water
column, currents determined the intensity and direction of transport: prevailing offshore currents
delivered large amounts of sediments out of the bay, while the eastward alongshore transport
dominated the Atchafalaya shelf and offshore transport became very weak. Compared with the
westward fluvial sediment transport under normal weather conditions (Walker and Hammack,
2000; Kolker et al., 2014), suspended sediment transport direction was the opposite of that as the
cold fronts dominated the shelf. Thus, rather than the sediments delivered by the Atchafalaya
River, suspended sediments off the Chenier Plain were sourced from the fluvial sediment
deposits, and exposed relict sediments formed during the activity of the Lafourche delta lobe
(~1200–600 years BP; Törnqvist et al., 1996).
To quantitatively evaluate the contributions of suspended sediment transport and WSFM
transport to sediment dispersal off the Chenier Plain and Atchafalaya Bay, we estimated
suspended sediment flux (SSF) and WSFM flux in alongshore and across-shore directions at T1
and T3 stations. For clarification, it is worth distinguishing SSF defined in previous studies and
that herein: here SSF refers to dilute sediment flux in the water column excluding WSFM flux in
the WBL. Under quiescent condition, sediment flux was negligible until cold fronts approached
(Fig. 4.11). At T1 station, alongshore SSF (0.077 kg/m/s) outweighed alongshore WSFM flux
(0.009 kg/m/s; Fig. 4.11a). In the offshore direction, however, WSFM flux reached 0.249 kg/m/s,
which was more than 20 times higher than SSF (0.01 kg/m/s; Fig. 4.11c). For T3 station, net SSF
(0.062 kg/m/s) and WSFM flux (0.084 kg/m/s) in offshore direction (Fig. 4.11d) were
comparable, and they were an order of magnitude higher than those in alongshore direction
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(SSF: 0.004 kg/m/s; WSFM flux: 0.003 kg/m/s; Fig. 4.11b). Overall, WSFM flux was
insignificant in alongshore transport, whereas it became highly intensified in offshore transport
(Fig. 4.11). Unlike WSFM transport, the direction of SSF varied greatly during the cold front
events due to the rapid change of wind direction, and net SSF shifted from seaward off the
Atchafalaya Bay (T3 station) to alongshore direction off the Chenier Plain (T1 station).

Figure 4.11. Time series of alongshore and across-shore sediment fluxes (black: SSF; red:
WSFM flux) at T1 (a and c) and T3 (b and d) stations with three labeled cold front events (CF1,
CF2 and CF3). For alongshore sediment flux, positive value represents upcoast direction
(oriented 60° east of south) and negative value represents downcoast direction (oriented 60° west
of north). For across-shore sediment flux, positive value represents shoreward direction (oriented
30° east of north) and negative value represents offshoreward direction (oriented 30° west of
south).

4.4.3 Comparison between CSTMS and CSTMS+WBL model
Cohesive sediment transport over the muddy Atchafalaya shelf is mainly driven by two
mechanisms: dilute sediment transport in the water column and gravity-driven downslope
WSFM transport near seabed (Neill and Allison, 2005; Kineke et al., 2006; Wright and
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Friedrichs, 2006; Kolker et al., 2014). During energetic events (e.g., cold fronts and hurricanes),
both mechanisms are potentially important to sediment transport, yet their relative contributions
were less investigated due to the difficulties in shelf scale field measurements or exclusion of
WSFM in existing models. To explore the importance of WSFM-introduced sediment dynamics,
we compared our benchmark results (CSTMS+WBL) with an experiment based on identical
model setup but WSFM module was disabled (i.e., the original CSTMS run).

Figure 4.12. Vertical distributions of SSC along transect A during the passages of 3 cold fronts
with (right panel) and without (left panel) the WBL. Each row represents one cold front.
4.4.3.1 Vertical structure
To reveal the difference of sediment vertical structure brought by WSFM-related
processes, we extract model results along two cross-shore transects (Figs. 4.12 and 4.13,
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locations see Fig. 4.1a): one across the tripod over the Atchafalaya shelf (Transect A) and the
other across the tripods off the coastal Chenier Plain (Transect B). The maximum water depth of
both transects was set to 10 m, and their directions were perpendicular to the coastline.
With WSFM module, the horizontal distribution of suspended sediment in the water
column (offshore decrease) was similar to that of the original CSTMS run. Vertically, SSCs in
the two simulations were of the same order of magnitude. Nevertheless, the benchmark case
simulated very high sediment concentration in the WBL along both transects during three cold
events. The most significant difference between the two simulations appeared at the bottom: a
lutocline developed between the WBL and the bottom sigma layer in the benchmark run.
Sediment concentration in the WBL reached more than 10 g/l and SSC in the bottom sigma layer
ranged from 5 g/l at the bottom nearshore to almost zero offshore (Figs. 4.12 and 4.13).

Figure 4.13. Same as Figure 4.12 but along transect B.
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Figure 4.14. Temporal-averaged (25 days) SSF in the water column based on original CSTMS
model (a) and CSTMS+WBL model (b) and WSFM flux based on CSTMS+WBL model (c).
4.4.3.2 Sediment flux and erosion/deposition pattern
Fig. 4.14 compares the temporal-averaged sediment flux (SSF and WSFM flux) of the
benchmark case (CSTMS+WBL) to that of the original CSTMS run. Between the two
simulations, estimated SSFs off the Atchafalaya Bay and Chenier Plain were similar both in
magnitude (~ 0.1 kg/m/s) and direction (seaward off the Atchafalaya Bay and northwestward
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along the coast of Chenier Plain) (Fig. 4.14a and 4.14b). One exception was found in southwest
off the Chenier Plain around 15–20 m isobaths, where SSF was reduced as we introduced the
WBL. Offshore WSFM flux in the benchmark run was comparable with SSF as water depth was
less than 10 m, and it maximized along the Chenier Plain coast (~ 1 kg/m/s) due to strong wave
activities (Fig. 4.14c).
The most distinguished difference of erosion/deposition between the two simulations
distributed along the Chenier Plain (Fig. 4.15). When WSFM transport was excluded, both net
erosion and deposition over the coastal Chenier Plain were less than 2 cm (Fig. 4.15a). With
WSFM included, strong offshore fluid mud transport resulted in severe onshore erosion (> 4 cm)
and thick offshore deposition located onshore of 10-m isobath (Fig. 4.15b). Despite the severe
land loss and rapid subsidence in most coastal Louisiana regions, the mudflats along the eastern
Chenier Plain coast are experiencing seaward accretion due to the large amounts of Atchafalaya
fluvial sediments delivered by alongshore currents (Wells and Kemp, 1981; Huh et al., 2001;
Draut et al., 2005a). However, alongshore transport cannot explain higher deposition rate over
the foreset (depth: 6-9 m) than that over the topset (depth: 2-6 m) (e.g., Denommee et al., 2018)
since both dilute SSC and SSF decrease seaward (Kineke et al., 2006). Once WSFM was
included, the simulated depo-center moved offshore, which was consistent with the
chronological measurements (Rotondo and Bentley, 2003). Another notable difference of
erosion/deposition between the two simulations was found at the Atchafalaya Bay mouth:
although both benchmark and original CSTMS runs reproduced net erosion in the Atchafalaya
Bay and offshore net deposition (Fig. 4.15a and 4.15b), the area of net erosion in the Atchafalaya
Bay was larger, and a net deposition was formed along the isobath in the benchmark run (Fig.
4.15). The elongated offshore depo-center was consistent with previous 210Pb chronological
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results: higher deposition rate located over the foreset of subaqueous delta, where laminated mud
layer formed with little vertical variation (Allison et al., 2000; Neill and Allison, 2005).
Although our simulation and 210Pb results are not quantitatively comparable since they focused
on different temporal scales (model: 25 days; 210Pb: several decades), the similar location and
morphology of offshore depo-center implies the potential importance of WSFM in terms of
across-shore transport and depo-center formation. Compared with the Chenier Plain, offshore
WSFM transport was weaker over the Atchafalaya shelf due to its gentle slope and relatively
weak wave activities (Fig. 4.7).

Figure 4.15. Net erosion (red) and deposition (blue) pattern based on original CSTMS model (a)
and CSTMS+WBL model (b).
4.5 Discussion
In this section we first discuss our WSFM model’s response to fluvial supply variation
and settling velocity parameterization (see Section 4.2.5 for details of sensitivity tests), followed
by a discussion of model uncertainty.
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4.5.1 Sensitivity to fluvial supply
WSFM was detected in fine sediment-laden river estuaries where fluvial discharge
supplies sufficient sediments to form high-density flow. However, the mixture of riverine and
resuspended sediments makes it challenging to quantitatively estimate the importance of river
discharge using field measurements. To estimate the influence of fluvial sediment discharge
variation, we compared our benchmark run results with sensitivity tests based on different fluvial
discharge scenarios.

Figure 4.16. The difference of seabed thickness (a and b), SSF in the water column (c and d) and
WSFM flux in the WBL (e and f) between benchmark run and sensitivity tests whose fluvial
sediment concentration is halved (left panel) or doubled (right panel).
As shown in Fig. 4.16a and 4.16b, the erosion/deposition difference introduced by
riverine sediment discharge variation was only simulated within the Atchafalaya Bay. The
differences in seabed thickness (Fig. 4.16a and 4.16b) and sediment fluxes (both SSF and WSFM
flux; Fig. 16c-f) maximized off the two outlets (Wax Lake outlet and Atchafalaya outlet) of the
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Atchafalaya River and decreased offshore. Unlike the Eel River Shelf where sediment flux and
deposition vary greatly with flood magnitude (Harris et al., 2005b), the Atchafalaya shelf is
shallow and gentle, and the river plume is largely constrained in the semi-enclosed bay. Thus, the
influence of river discharge is highly localized in the Atchafalaya Bay, and the shelf can hardly
be directly affected by fluvial sediment discharge variation. 7Be derived deposition rate in
different years’ flood season also indicated that deposition rate around the Atchafalaya Bay was
highly correlated with the magnitude of floods, while for the offshore area (water depth > 15 m),
there is no clear correlation between high river discharge during flood season and cross-shore
sediment transport (Allison et al., 2000; Kolker et al., 2014). Besides, several sediment cores
collected off the Chenier Plain had 4 cm thick fluid mud layer that does not contain 7Be,
indicating resuspension and recycling of old sediment with little deposition of fresh fluvial
sediments along the Chenier Plain (Rotondo and Bentley, 2003). Therefore, the Atchafalaya
River discharge mainly influences the sediment dynamics in the Atchafalaya Bay and fluvial
impact becomes less important with the increase of distance to the Atchafalaya River outlets.
4.5.2 Sensitivity to settling velocity
Settling velocity of cohesive sediment is largely influenced by flocculation and hindered
settling effects. The formation of large size flocs could result in a settling velocity several orders
of magnitude higher than individual particles (Van Leussen and Cornelisse, 1993). If sediment
concentration further increases, settling of the suspended sediments will be hindered due to the
combination of upward return flow and wake generation, increased effective viscosity, and
reduced specific gravity of the flocs (Cheng et al., 2015; Dankers and Winterwerp, 2007;
Winterwerp, 2002). Here we compared the erosion/deposition patterns between the benchmark
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run and the sensitivity tests with constant settling velocity (free settling) and three-regimes
settling velocity (see Section 4.2.5 for details).

Figure 4.17. Net erosion/deposition patterns based on constant settling velocity (a) and threeregimes settling velocity (b) and the difference of seabed thickness (sensitivity tests minus
benchmark run) compared with benchmark result (c and d). (Note: the range of color bar in the
upper panel is different from that in the lower panel).
Net erosion/deposition patterns based on constant settling velocity (Fig. 4.17a) and threeregimes settling velocity (Fig. 4.17b) were similar to the benchmark run (Fig. 4.15b). However,
the thickness of net erosion/deposition in the two sensitivity tests was different from that of the
benchmark run. Here we estimated the erosion/deposition difference between the benchmark run
and sensitivity tests with different settling velocity schemes (Fig. 4.17c and 4.17d). In free
settling case, both nearshore erosion and offshore deposition were thinner compared with the
benchmark run (blue color nearshore and red color offshore in Fig. 4.17c), suggesting lower
magnitude of offshore sediment transport without considering hindered settling effect. When
three-regimes settling velocity was specified, onshore erosion and offshore deposition were
thicker compared with the benchmark run (red nearshore and blue offshore areas in Fig. 4.17d).
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Such difference indicates that offshore transport became stronger once hindered settling effect
was included (both benchmark run and three-regimes settling velocity case). The reason for the
intensified offshore transport once hindered settling becomes effective is that sediments remain
in suspension in the WBL longer due to slower settling velocity and hence delays their
deposition to the seafloor. Besides, higher sediment concentration in the WBL induced by
hindered settling enhances downslope component of gravitational force in the WBL, which can
increase offshore WSFM flux effectively (Harris et al., 2005b).
4.5.3 Model uncertainties and future work
Our WSFM sediment transport model captured the main features of sediment dispersal
induced by both dilute sediment suspension in the water column and fluid muds in the WBL. The
unique offshore deposition over the Atchafalaya shelf and along the Chenier Plain was also
reproduced. Nevertheless, it is worth noting that there are still processes not considered in our
model. Firstly, the model only includes one type mobilized cohesive sediment particle, and
interaction between different particles (e.g., interparticle collision) was not taken into account
although cohesive sediment flocculation and hindered settling effects were examined in our
sensitivity tests. When the volume fraction of particles is larger than 1×10-3 (i.e., 1‰), particleparticle collision becomes significant and the collision probability will substantially increase
once solid particles exceeds 5% (Elghobashi, 1994; Wachs, 2009). In aqueous flows, where the
fluid is sufficiently viscous, with decreasing sediment size the energy is mostly consumed by
fluid viscosity rather than inelastic deformation of the suspended particles. Such process might
damp the turbulence, and therefore affect the sediment flux (Schmeeckle et al., 2001). Secondly,
the WBL in our model was treated as a vertically uniform layer beneath the bottom sigma layer.
Therefore, vertical variation of sediment concentration and hydrodynamic quantities in the WBL
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were not resolved. According to previous observations and model studies, vertical variation of
momentum in the WBL is dominant especially during transitional and turbulent flow conditions,
and it is highly influenced by hydrodynamics and the amount of sediments trapped in the WBL
(Traykovski et al., 2015), and likely controls the type of sediment layering that develops at the
base of the WBL (Denommee et al., 2016). Denommee et al. (2016) suggest that such layering
may be diagnostic for the balance of momentum provided by waves, currents, and gravity, so this
remains an important topic, especially for the study of ancient deposits. To resolve vertical
profiles of momentum and sediment concentration in the WBL, a multi-layer module that
includes interactions between turbulence and sediment will be needed (Hsu et al., 2009; Ozdemir
et al., 2011; Cheng et al., 2015a). Thirdly, we applied a simplified seabed parameterization in
this study. The fractions of different sediment types (sand, silt and clay) on the Atchafalaya shelf
vary greatly in both horizontal and vertical directions, especially over the subaqueous delta.
Although we utilized USseabed dataset to initialize the fractions of sediments over the sea floor,
vertical variation of sediment fraction was not specified. Moreover, the critical shear stress of
sediment deposits was specified as a constant in our model, while it can vary dramatically by
location, seasonal weather patterns, and the degree of consolidation (Mickey et al., 2015). A
notable development is the incorporation of a cohesive and mixed sediment bed layering with a
time-dependent critical shear stress to CSTMS (Sherwood et al., 2018). Lastly, our model so far
included the influence of hydrodynamics to sediment dispersal, erosion and deposition, whereas
the feedback of sediment dynamics to hydrodynamics (i.e., viscous fluid mud’s wave energy
dissipating capacity (Siadatmousavi et al., 2012) and the effect of sediment-induced stable
density stratification on turbulence attenuation), which could be significant during energetic
events, was not taken into account. For example, it is reported in Sheremet et al. (2005) that both
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long and short waves over the muddy shelf were lower than that over the sandy shelf during
winter storms and hurricanes due to fluid mud-induced wave damping. Winterwerp et al. (2007)
developed a fluid mud-induced wave damping algorithm in SWAN was applied to the Guyana
coastal system. Prior turbulence-resolving simulations in particle-laden flow also suggest the
complexity of turbulence-sediment interactions due to sediment-induced stable density
stratification, bed erosion and hindered settling (Hsu et al., 2009; Ozdemir et al., 2010; Cheng et
al., 2015a). Therefore, a more realistic fluid mud transport simulation in the future should
incorporate the processes mentioned here to achieve more robust results.
4.6 Conclusions
We incorporated the 3D WSFM model into the COAWST and applied it to the
Atchafalaya shelf to investigate fluid mud dynamics in March 2008. A new WBL was introduced
between the bottommost sigma layer (water) and top sediment layer, which accounted for the
key sediment exchange processes (e.g. resuspension, vertical settling, diffusion, and horizontal
advection) at the water-WBL and WBL-sediment bed boundaries. The simulation results
compared well with the field measurements, indicating that the model was capable of
reproducing both hydro- and sediment dynamics during the passage of three cold fronts.
As cold fronts swept across the Atchafalaya shelf, waves were enhanced to 2 m offshore
and 0.7 m onshore by strong northwesterly winds (> 10 m/s), and the direction of alongshore
current shifted from westward to eastward. Bottom shear stress peaked between 5- and 10-m
isobaths. River plume expanded seaward during cold fronts due to intensified offshore currents
in the bay. Dilute sediment transport in the water column was driven by offshore currents in the
Atchafalaya Bay while the intensified eastward alongshore currents transported sediment
upcoast. Sediment concentration of WSFM was on the order of 10 – 100 g/l, which was more
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than 10 times higher than that in the water column. The WSFM transport was downslope ranging
from 3 cm/s in the Atchafalaya Bay to 12 cm/s off the Chenier Plain. Over the Atchafalaya shelf,
net SSF and WSFM flux in offshore direction were comparable (0.062 kg/m/s and 0.084 kg/m/s,
respectively) and they were much higher than those in alongshore direction. Along the Chenier
Plain, the direction of dilute SSF (0.077 kg/m/s) was parallel to the shoreline while WSFM flux
(0.249 kg/m/s) was offshore.
Simulated vertical structures of SSC and SSF in the water column did not show dramatic
difference with or without the WBL. The major difference was simulated at the bottom sigma
layer where a lutocline was found. Both simulations (original CSTMS and CSTMS+WBL)
reproduced net erosion in the Atchafalaya Bay and net deposition over the Atchafalaya shelf,
while the thickness of erosion/deposition was higher once WBL was included due to the extra
offshore WSFM flux. The erosion/deposition pattern along the Chenier Plain changed greatly
(onshore erosion > 4 cm) because offshore WSFM flux outweighed alongshore SSF.
Fluvial sediment discharge variation affected both sediment flux and deposition rate in
the Atchafalaya Bay and its direct influence became trivial over the shelf due to the shallow
water depth and gentle slope. Sensitivity tests based on different schemes of settling velocity
indicated that hindered settling effect can enhance offshore transport by keeping sediment
unsettled and increasing the density of the fluid mud and thus the downslope WSFM flux.
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CHAPTER 5. THE ROLE OF SEDIMENT-INDUCED LIGHT ATTENUATION ON
PRIMARY PRODUCTION DURING HURRICANE GUSTAV (2008)
5.1 Introduction
Light, as the primary agent for photosynthesis, plays a vital role in marine ecosystem.
The vertical structure of light availability in an aquatic environment is mainly modulated by the
shading effects of chlorophyll, colored dissolved organic matter (CDOM), sediment, and water
(Cloern, 1987; Devlin et al., 2008; Schaeffer et al., 2011; Ganju et al., 2014; McSweeney et al.,
2017). The optical environment on river-dominated shelves is especially complex due to the
great spatiotemporal variation induced by the interaction between riverine inputs and regional
hydrodynamics. Light attenuation exhibited a wide variation at the edge of large river plumes,
where concentrations of light absorbers changed dramatically (e.g. Mississippi River, Bierman
Jr. et al. 1994; Yellow River, Lin et al., 2009; Yangtze River, Zhu et al., 2009). As the largest
river in North America, the Mississippi-Atchafalaya River system delivers 380 km3 freshwater
and 115 Mt sediments each year into the northern Gulf of Mexico (nGoM; Meade and Moody,
2010; Allison et al., 2012). Over the Louisiana-Texas shelf in the nGoM, sediment concentration
in the water column exhibits strong seasonality: the suspended sediment concentration (SSC) in
winter and spring seasons are high due to intensive sediment resuspension and large fluvial
sediment discharge; while SSC in summer and fall was largely reduced owning to the relative
low river inputs and less resuspension (Zang et al., 2019). Episodic hurricane events in summer
and fall can disturb vertical stratification and resuspend a large amount of sediment (Xu et al.,
2016; Zang et al., 2018). Enhanced resuspension during a hurricane might greatly change the
shelf ecosystem via modifying light availability, yet the related study is limited due to the
challenge of in-situ data collection under an extreme weather condition.
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As an alternative tool to fill the spatial and temporal gaps in in situ dataset, coupled
physical-biogeochemical model has been widely applied to the Gulf of Mexico (e.g. Fennel et
al., 2008; Laurent et al., 2012; Xue et al., 2013; Justić and Wang, 2014; Yu et al., 2015; Gomez
et al., 2018). Although these models usually include a sediment-induced light attenuation term
and its influence on primary production, the parameterization is usually set as a constant over the
entire research domain and does not change with SSC dynamics. Such an over-simplified
treatment of sediment-induced attenuation can substantially impact model’s robustness in riverdominated shelves where SSC varies significantly. Justić and Wang (2014) tentatively employed
a new scheme by connecting sediment-induced light attenuation with river discharge (salinity)
and hydrodynamics (bottom shear stress) in the nGoM. However, in a realistic environment, the
horizontal distribution of SSC is not necessarily correlated with that of the freshwater plume, let
alone their vertical structure.
Gustav was the first major hurricane landed in Louisiana after Katrina (2005). It passed
through the center of GoM and landed near Cocodrie, Louisiana on September 1st of 2008 as a
Category 2 hurricane (Forbes et al., 2010). Sediment resuspension and transport were strong
during the passage of Gustav, and thick post-hurricane deposition (up to 40 cm) was simulated
on the inner shelf (Zang et al., 2018). A post-hurricane algal bloom was reported by Korobkin et
al. (2009), which can also be identified around the Mississippi Delta in Figs. 5.1a and 5.1b. High
respiration and stratification after the landfall was reported to be connected with hypoxia
development on the shelf (McCarthy et al., 2013). In this study, built on the hydro- and
sediment- dynamics of the three-way coupled (atmospheric-wave-ocean) Gustav model (Zang et
al., 2018), we applied SSC into the light attenuation calculation of the biogeochemical model.
Our objectives are to: 1) evaluate the impact of sediment-induced light attenuation to the
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spatiotemporal variation of nutrient-phytoplankton dynamics during a hurricane event, and 2)
explore the driving mechanism of the post-hurricane bloom.

Figure 5.1. Five-day composite of surface chlorophyll concentration in 2008: (a) SeaWiFS result
before Gustav (August 25th–29th); (b) SeaWiFS result after Gustav (September 05th–09th); (c)
benchmark run result (α¼½¾ = 0.059) after Gustav; (d) sensitivity test result (α¼½¾ = 0) after
Gustav. Thick red and black curves in panel (a) are transect D in Rabalais et al. (2001) and 50 m
isobath transect, respectively. Magenta curve shows hurricane track in panels b, c, and d. (BD:
bird-foot delta; AS: Atchafalaya shelf).
5.2 Model Description
Our model was built on the coupled ocean-atmosphere-wave-and-sediment transport
(COAWST) modeling system (Warner et al., 2008, 2010). COAWST is an open source model
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platform that consists of three numerical models: the Weather Research and Forecasting model
(WRF; Skamarock et al., 2005), the Regional Ocean Modeling System (ROMS; Shchepetkin and
McWilliams, 2005; Haidvogel et al., 2008), and the Simulating Waves Nearshore model
(SWAN; Booij et al., 1999). Community Sediment Transport Modeling System (CSTMS) is
included in ROMS to simulate sediment dispersal, stratigraphy, and geomorphology. Model
Coupling Toolkit (MCT; Jacob et al., 2005) was used to enable the interaction among the three
models. Details of model setup and validation of the three-way coupled sediment transport model
(WRF-ROMS-SWAN-CSTMS) was described in Zang et al. (2018). The biogeochemical model
in this study was largely built on the North Pacific Ecosystem Model for Understanding Regional
Oceanography (NEMURO; Kishi et al., 2007), which incorporates both nitrogen and silicon
flows. Eleven state variables were included in the model: nitrate, ammonium, two types of
phytoplankton (small and large), three types of zooplankton (microzooplankton,
mesozooplankton and predatory zooplankton), particulate and dissolved nitrogen, particulate
silica, and silicic acid concentration. We incorporated two types of chlorophyll corresponding to
the large and small phytoplankton tracers, respectively. The estimation of chlorophyll
concentration was based on Fennel et al. (2006). To achieve an ideal parameterization set and a
stable initial condition for the biogeochemical variables, we first conducted 20-yr (1993-2012)
coupled physical-biogeochemical simulation use the same model domain with the WRF model
disabled. Instead, the atmospheric forcing was provided by the 6-hourly, 38 km horizontal
resolution Climate Forecast System Reanalysis (CFSR; Saha et al., 2010, 2011;
http://cfs.ncep.noaa.gov) to achieve a feasible computation load. The physical setup of the 20-yr
simulation was the same as Zang et al. (2019). The biogeochemical parameterizations were
adapted from Gomez et al. (2018). Once validated, the biogeochemical variables were extracted
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from the 20-yr model on August 30th, 2008 as the initial condition for Gustav simulation. Details
of the 20-yr simulation setup and validation were provided in the supplementary material
(Appendix A). The sediment-induced light attenuation was calculated using the following
equations:
𝐼 = 𝐼Ž exp (−𝜅𝑍)
𝜅 = 𝛼w + 𝛼"•, (𝑃𝑆𝑛 + 𝑃𝐿𝑛) + 𝛼7}G 𝑆𝑆𝐶
where 𝐼Ž is light intensity at the surface layer, and 𝑍 is water depth. 𝛼w and 𝛼"•, are light
extinction coefficient of sea water and self-shading coefficient, respectively. 𝑃𝑆𝑛 and 𝑃𝐿𝑛
represent concentrations of small phytoplankton and large phytoplankton. 𝛼7}G is light extinction
coefficient due to suspended sediment. We performed a benchmark run (α¼½¾ = 0.059;
McSweeney et al., 2017) and a sensitivity test (𝛼7}G = 0) to represent the scenarios with and
without sediment-induced light attenuation, respectively. The simulation period was from August
30th to September 10th, 2008.
5.3 Model Validation
Direct measurements of the ocean conditions during passage of a hurricane is still a big
challenge. In Zang et al. (2018) we validated the physical model’s performance against the air
pressure, sea-level, and wave heights recorded at several buoys. The sediment model’s
performance was evaluated against satellite images. In this study, we used the five-day
composites of SeaWiFS satellite images before (Aug 25th–29th) and after (September 5th–9th)
Gustav’s landing to evaluate the biogeochemical model’s performance. The satellite images
showed higher chlorophyll concentration around the bird-foot delta and on the Atchafalaya shelf
in the post-hurricane composite than the pre-hurricane one (Figs. 5.1a and 5.1b). Another major
difference between the two composites was identified in the waters between the 50 and 200 m
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isobaths off the Atchafalaya Bay, where chlorophyll concentration increased from 1 to 4 mg/m3,
indicating a possible post-hurricane algal bloom. The intensity of offshore bloom was better
reproduced (~ 4 mg/m3) with the new sediment-induced light attenuation algorithm (benchmark
run, see difference between Figs. 5.1c and 5.1d). To quantitatively evaluate model’s
performance, we calculated the root mean square error (RMSE) and correlation coefficient (R)
between model-simulated and satellite-based chlorophyll concentration over the inner shelf
(water depth < 50 m). The reduced RMSE in benchmark run (2.33 to 1.91) suggested that model
performance was improved when sediment-induced light attenuation was included. The
correlation coefficient was slightly different (0.82 and 0.81), indicating the spatial distribution of
chlorophyll of two experiments is comparable (Figs. 5.1e and 5.1f). Nevertheless, model’s
performance was significantly improved in high productivity waters where chlorophyll
concentration was > 1 mg/m3 (R increased from 0.55 to 0.61, and RMSE decreased from 5.93 to
3.97; Figs. 5.1e and 5.1f), implying sediment-induced attenuation plays a more important role in
coastal waters than the open ocean.
5.4 Results and Discussion
5.4.1 Temporal variability of biogeochemical variables
To reveal the temporal variation of biogeochemical variables during the passage of
Gustav, we plotted the time series of spatially averaged net primary production (NPP), surface
chlorophyll concentration, NO3 concentration, SSC, short wave radiation, and sea surface
temperature (SST) over the nGoM inner shelf (Fig. 5.2). NPP showed strong diel variation and
its peaks were strongly correlated with short wave radiation maximum (Figs. 5.2a and 5.2e).
Such diel cycle could also be found in chlorophyll concentration, but with a 3 to 4-hour delay
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(Fig. 5.2c). Before the approach of Gustav, the differences of NPP and chlorophyll between
benchmark run and sensitivity test were negligible.

Figure 5.2. Time series of spatial averaged (inner shelf) net primary production (a), surface
chlorophyll concentration (b), NO3 concentration (c), suspended sediment concentration (d),
shortwave radiation (e), and sea surface temperature (f). In panels a, b, and c, blue represents
benchmark run and red represents sensitivity test. Dots in panel (a) are daily-averaged net
primary production. The black dashed line shows Gustav landfall time.
When hurricane landed in coastal Louisiana at 16:00:00 UTC on September 1st, surface
SSC went up to 0.38 kg/m3 because of the strong erosion and resuspension (Fig. 5.2d). Dailyaveraged NPP went down to 0.7 g C/m2/day in the sensitivity test. Once sediment-induced light
attenuation was included (benchmark run), daily-averaged NPP further declined to 0.2 g
C/m2/day, indicating light limitation almost ceased net the productivity on inner shelf.
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Chlorophyll concentration was reduced by 40% compared with pre-hurricane condition. Both
hurricane-related surface cooling and decreased light contributed to the reduction of chlorophyll
and NPP (Figs. 5.2e and 5.2f).
Daily-averaged NPP difference between the two experiments maximized on September
2nd due to light limitation modulated by resuspended sediments (Figs. 5.2a and 5.2d). On
September 3rd, daily-averaged NPP of the sensitivity test recovered to 0.9 g C/m2/day, and was
steady until the end of simulation (Fig. 5.2a). For the benchmark run, however, the recovery of
NPP was much slower: daily-averaged NPP was lower than the sensitivity test until September
7th, when most suspended sediment settled back to the seabed. NO3 concentration went up
gradually in the benchmark run from September 2nd to September 7th because nutrient
consumption was constrained by the relative weak photosynthesis (Fig. 5.2c). The accumulated
NO3, together with the preferable optic environment (low SSC), resulted in higher NPP and the
algal bloom after September 7th (Figs. 5.2a and 5.2b).
5.4.2 Vertical structure of chlorophyll
We extracted the chlorophyll and sediment concentrations along the transect D in
Rabalais et al. (2001; location see Fig. 5.1a) at three time points (August 31st, September 2nd, and
September 10th) to represent pre-, during-, and post-hurricane stages, respectively (Fig. 5.3).
Before the approach of Gustav, chlorophyll concentration decreased seaward from 5 to 0.3
mg/m3, and sediment-induced light attenuation did not alter the vertical structure of chlorophyll
owing to the relative low SSC in the water column (Figs. 5.3a, 5.3b, and 5.3c). SSC peaked on
September 2nd (Fig. 5.3f) and chlorophyll concentration in the benchmark run reduced
dramatically, especially in waters shallower than 20 m. (Figs. 5.3d and 5.3e).
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Figure 5.3. Model simulated chlorophyll and suspended sediment concentration along transect D
on August 31st (first row), September 2nd (second row), and September 10th (third row). The first
and second columns represent chlorophyll concentrations of the sensitivity test and benchmark
run, respectively (note the color scale is different from Fig. 5.1). The third column shows
suspended sediment concentration.
In the sensitivity test, chlorophyll concentration during the post-hurricane stage was
lower than that of the pre-hurricane stage (Figs. 5.3a and 5.3g), which was inconsistent with the
satellite images (Figs. 5.1a and 5.1b). The benchmark run better reproduced the magnitude and
seaward extension of the post-hurricane bloom (Fig. 5.3h). High chlorophyll concentration (> 1
mg/m3) was simulated in the top 20 m of the water column where sediment concentration was
low (Figs. 5.3g and 5.3h). As water depth exceeded 20 m, chlorophyll concentration dropped
drastically to less than 0.1 mg/m3. The synchronized high turbidity (Fig. 5.3i) and low
chlorophyll concentration implied that, nine days after Gustav’s landfall, the primary production
in relatively deep water could still be constrained by light availability. A similar vertical
structure (high SSC and low chlorophyll) was also simulated in the Delaware estuary
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(McSweeney et al., 2017), where near bottom primary productivity was constrained by the
estuarine turbidity maximum. A well stratified water column with high productivity at the
surface is in favor of bottom oxygen depletion. Elevated surface phytoplankton growth provides
more organic matter, which will be decomposed in bottom water later. Meanwhile, the posthurricane stratification recovery prevents oxygen ventilation to the bottom. Another major
process that might further lower the oxygen level is the high respiration rate caused by
resuspended particulate organic matter (POM). McCarthy et al. (2013) reported a post-Gustav
respiration peak associated with organic matter resuspension in the bottom boundary layer. A
new numerical model study also supported substantial increase of near-bottom oxygen
consumption due to resuspended POM remineralization (Moriarty et al., 2018) during moderate
resuspension events. These existing studies and the new finding of this study suggested sediment
could substantially contribute to hypoxia development.
5.4.3 The post-hurricane offshore bloom
Post-hurricane blooms have been widely observed in the mid- and low-latitude oceans
(Davis and Yan, 2004; Miller et al., 2006; Pan et al., 2017). In the open ocean off the continental
shelf, a bloom was usually isolated and patchy. Its formation was mainly related to nutrients and
chlorophyll supplied by strong vertical mixing (Walker et al., 2005; Pan et al., 2017). The
mechanism of the formation of bloom on the outer shelf, however, was more complex due to the
impacts from the inner shelf water. Strong offshore transport after hurricane Gustav has been
reported by previous studies (Korobkin et al., 2009; Zang et al., 2018). The seaward dispersal of
coastal waters with higher nutrient and chlorophyll concentrations might potentially result in the
outer shelf bloom. The benchmark run well reproduced the offshore bloom between the 50 and
200 m isobaths while the sensitivity test underestimated its intensity (Figs. 5.1c and 5.1d). To
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quantify the lateral exported nutrient and chlorophyll, we calculated depth integrated offshore
NO3 and chlorophyll flux along the 50 m isobath transect (location see Fig. 5.1a; Table 5.1).
Compared with the sensitivity test (NO3: 7.35 mmol N/m/s; Chlorophyll: 66.88 mg/m/s), the
benchmark run simulated an increased NO3 flux (38.71 mmol N/m/s) and a decreased
chlorophyll flux (43.10 mg/m/s). This difference could be explained by the reduced primary
production on the inner shelf when sediment-induced light attenuation was incorporated (Figs.
5.2a and 5.2c). Therefore, the offshore bloom during Gustav was mainly introduced by lateral
exported nutrient, which accumulated due to the low light availability during the passage of
Gustav.
Table 5.1. Offshore fluxes of NO3 and chlorophyll along 50 m isobath transect

benchmark run (𝛼7}G = 0.059)
sensitivity test (𝛼7}G = 0)

Net offshore NO3 flux
(mmol N/m/s)
38.71
7.35

Net offshore Chl flux
(mg/m/s)
43.10
66.88

5.5 Conclusions
Our model reproduced the biogeochemical cycling during hurricane Gustav in the nGoM.
By introducing a new sediment-induced light attenuation algorithm, the performance of the
biogeochemical model was improved when compared with satellite images. During the passage
of Gustav, the high SSC turned the inner shelf from a nutrient-limited environment to a lightlimited one. NPP reduced from 1 to 0.2 g C/m2/day when Gustav landed. After the passage of
Gustav, NPP recovery was slow due to the shading effect of resuspended sediment. As sediments
settled back to the seabed, nutrient accumulation and increased light availability stimulated a
strong post-hurricane bloom. At the end of our simulation (nine days after Gustav’s landing), the
primary production below 20 m was still light-limited due to the unsettled sediments. High
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surface productivity, together with water column oxygen depletion owning to POM
resuspension, might enhance oxygen consumption and hypoxia in the bottom boundary layer.
Unlike the condition in the open ocean, the post-hurricane blooms on the outer shelf resulted
from lateral transported nutrient from the inner shelf.
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CHAPTER 6. CONCLUSIONS
6.1 Research Summary
This dissertation research explores sediment dynamics on different spatiotemporal scales
and its influence on biogeochemical processes in the nGoM using a community numerical
modeling platform (COAWST). In chapter 2, I simluated the hyrdodynamics and sediment
dispersal during hurricane Gustav in 2008. Vertical stratification was destoryed by mixing as
hurricane approached. Strong resuspension contributed to high sediment concentration on the
inner shelf. Sediment flux was convergent to the hurricane center. The simulated post-hurricane
deposition over the Louisiana shelf was 4.0 cm, which was 3.2–26 times higher than annual
accumulation rate under normal weather conditions. Chapter 3 adapted the coupled oceansediment transport model to the nGoM to examine sediment dynamics on seasonal-to-decadal
time scales as well as its response to decreased fluvial inputs. Model simulated sedimentation
rate varied from almost zero on the open shelf to more than 10 cm/yr near river mouths. A
change point in river and sediment discharge was detected in 1999. The decreased fluvial
sediment supply caused substantial sedimentation decrease around the delta. In Chapter 4 I
introduced a new wave-supported fluid mud (WSFM) module into the default sediment transport
model (CSTMS) in the Regional Ocean Modeling System. A lutocline between the wave
boundary layer and overlying water was well reproduced during cold front events. Downslope
WSFM transport resulted in offshore depo-center, which greatly changed the net
erosion/deposition pattern off the Chenier Plain. WSFM flux was comparable with suspended
sediment flux and it peaked along the Chenier Plain due to strong wave activities. In Chapter 5 I
modeled nutrient-plankton dynamics during hurricane Gustav in 2008. Chlorophyll concentration
and offshore bloom was better reproduced with the new sediment-induced light attenuation
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algorithm. Strong sediment resuspension shifted nGoM from a nutrient-limited ecosystem to a
light-limited one. Nutrient accumulation supported the post-hurricane bloom over the top 20 m
of water column. The offshore algal bloom between the 50 and 200 m isobaths was stimulated by
the lateral export of inner shelf nutrient rather than chlorophyll dispersal.
6.2 Implications For Future Research
Given the complexity of sediment dynamics over the muddy continental shelf, future
efforts should be made to advance our understanding in sediment transport and its important role
in marine biogeochemical cycling and ecology.
First of all, the highest priority of sediment model improvement is to optimize sediment
parameterization, which is oversimplified in most existing models. One important reason of such
oversimplification is that the spatial resolution of 3-dimensional models is still too coarse to
resolve microscale processes (e.g., particle interactions, flocculation), which might play a critical
role in sediment transport modeling. Although increasing the resolution of a realistic 3dimensional model from m- to mm-scale is infeasible, especially considering its computational
expense, we can adapt the findings of high resolution 1-dimensional models to improve the
representation of micro-scale processes. Secondly, more field observations are needed for model
initialization and calibration purpose. The accurate initialization of sediment types on the
seafloor is a major challenge for sediment transport simulation. Most recent shelf-scale sediment
modeling studies in the nGoM use usSEABED dataset to initialize sediment fractions over the
seafloor. Yet usSEABED’s spatial resolution is not fine enough in coastal region where sediment
types could vary greatly. For most hurricane-related sediment modeling studies, the major
bottleneck of further model development is the lack of in situ measurements. Given the
difficulties and safety of field works during a hurricane, conducting measurements before and
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after the passage of hurricane is more applicable. Modeling studies can better parameterize
sediment behaviors via comparing model results once more in-situ measurements are available.
The importance of different sediment transport mechanisms deserves more attentions in
the future. Compared with suspended sediment transport, bedload transport is less understood
although its importance has been highlighted over the last several decades. Due to the lack of
long-term bedload transport observations on large spatial scale, calibrating bedload transport
model and quantifying its contribution to total sediment flux is still a challenge. Besides, strong
bedload transport usually associates with energetic events (e.g., hurricanes, cold fronts, floods,
landslides, and earthquakes), which make field measurements difficult and risky. To
comprehensively understand sediment dynamics, bedload transport and its long-term effect
should be further investigated.
Including sediment transport in oceanic biological model is necessary, especially for
those models applied to river-dominated shelves. In Chapter 5 I discussed sediment-induced light
attenuation and how it modulates primary production through modifying the underwater optic
environment. It is noteworthy that sediment-induced light attenuation is only one term among the
complex coupling effects between sediment and biological dynamics. Many other processes
(e.g., oxygen depletion owning to resuspension, bioturbation) might be of importance during
certain events. Furthermore, the interaction between sediment and biogeochemistry can influence
the higher trophic levels. For example, sediment resuspension provides extra organic matter as
food for benthos, while mud resuspension can lower the food quality for benthic filter feeders.
Most bottom-up benthic ecological models consider particulate organic matter as important food
source for the benthos, while its resuspension is usually ignored.
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APPENDIX A. CHAPTER 5 SUPPLEMENTARY MATERIALS
A1. Biogeochemical model description and calibration
We used the 20-yr (1993-2012) hydrodynamic model described in Zang et al. (2019) to
drive the biogeochemical model. The details of model setup, as well as model-data comparisons
of physical variables, were stated in Zang et al. (2019). In this supplementary material we
provide additional comparison results of sea surface temperature (SST), nutrients, and
chlorophyll to further evaluate the performance of biogeochemical model.
The simulated sea surface temperature (SST) reproduced its seasonal variation and
agreed well with observations (Fig. A2). the correlation coefficients of SST at 4 buoy stations
(42003, 42007, 42035, and 42036; locations see Fig. A1) were higher than 0.89. For
biogeochemical model, we compared concentrations of NO3, Si(OH)4, and chlorophyll with insitu observations (World Ocean Database; https://www.nodc.noaa.gov/OC5/WOD/pr_wod.html)
and satellite images (MODIS and SeaWiFS). To estimate the model’s capacity of reproducing
long-term nutrients distributions, we compared multi-year monthly vertical profiles of NO3 and
Si(OH)4 covered by our simulation period. The model well captured the depletions of NO3 and
Si(OH)4 from the surface layer to 50 m depth, as well as the their gradual increase to the peaks
located between the 500 and 1000 m depth (Figs. A3 and A4).
Simulated 20-yr seasonal mean surface chlorophyll agreed well with chlorophyll
concentration derived from MODIS satellite images (Fig. A5): higher concentration distributed
around the Mississippi Delta, suggesting the substantial contribution of fluvial nutrient supply to
the high primary production in coastal Louisiana. To further validate the temporal variation of
chlorophyll, we calculated spatial-averaged monthly mean sea surface chlorophyll concentration
over three sub-regions: Mississippi Delta, Texas shelf, and open ocean following Gomez et al.
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(2018). Among the three sub-regions, chlorophyll concentration maximized over the Mississippi
Delta owning to Mississippi river inputs (Fig. A6). In the open ocean, chlorophyll concentration
was lower than 0.7 mg/m3. Seasonal variation of chlorophyll concentration closely matched with
the satellite data, and the correlation coefficients between model results and satellite datasets
(MODIS and SeaWiFS) were higher than 0.56. The higher chlorophyll derived from satellite
images over the Texas shelf might due to the to the high concentration of dissolved colored
organic matter (CDOM) and sediments from the Atchafalaya River (Gomez et al., 2018).

Figure A1. Model domain and bathymetry. The red polygons indicate locations of the three subregions following Gomez et al. (2018). Locations of four buoy stations (42035, 42007, 42036
and 42003) are marked as cyan triangles in the map.
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Figure A2. Time series of SST comparison between model results and field measurements at
four buoy stations (data source: NDBC; https://www.ndbc.noaa.gov).

Figure A3. Comparison of multi-year (1993-2012) monthly vertical distributions of NO3 in the
Gulf of Mexico (upper panel) and the locations of field measurements (lower panel); (data
source: World Ocean Database; https://www.nodc.noaa.gov/OC5/WOD/pr_wod.html).
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Figure A4. Similar with Fig A3, but for Si(OH)4.

Figure A5. 20-yr seasonal mean sea surface chlorophyll comparison between MODIS (a and b)
and model results (c and d) in summer and winter.
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Figure A6. Time series of monthly mean sea surface chlorophyll concentration (unit: mg/m3)
derived from model (black), MODIS (green), and SeaWiFS (red) over the Mississippi Delta (a),
Texas shelf (b), and open ocean (c). Locations of the three sub-regions are shown in Fig. A1.
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